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INTRODUCTION 

The s u l f u r  con ten t  among coa ls  v a r i e s  t o  some degree i n  t o t a l  q u a n t i t y  
and i n  t h e  forms present .  
organic  ( s u l f i d e  and s u l f a t e )  and t h e  organic  (a complex m i x t u r e  o f  organo 
types) .  
some instances where weather ing has conver ted some o f  t he  p y r i t e  t o  s u l f a t e .  
The s u l f i d e  form can occur  as t h e  m ine ra l s  p y r i t e  and marcas i te  i n  a rough 
s i ze  range f rom 0.25 t o  200 micrometers. 

The organic  s u l f u r  i n  coa ls  i s  i n t i m a t e l y  bound t o  the  coal  molecule 
and i s  d i f f i c u l t  t o  determine d i r e c t l y  when o t h e r  forms a re  p resen t .  The 
organic  s u l f u r  content  i n  most american c o a l s  range from about 0.5 t o  3%. 

A t o t a l  s u l f u r  a n a l y s i s  w i l l  g i v e  the  i n f o r m a t i o n  on whether present  
SO2 emission standards w i l l  be met upon combustion o f  t he  candidate c o a l .  
t he  t o t a l  s u l f u r  i s  t o o  high, and s tack  gas c l e a n i n g  i s  n o t  a v a i l a b l e ,  some 
form o f  d e s u l f u r i z a t i o n  i s  requ i red  be fo re  t h i s  energy source can be used. 
Cleaning processes can remove va ry ing  amounts o f  t h e  i n o r g a n i c  forms, and 
some organic  s u l f u r  may a l s o  be ex t rac ted ,  b u t  f o r  a l l  i n t e n t s ,  t h e  con ten t  
o f  t h i s  l a t t e r  form may be regarded as t h e  lower  l e v e l  a t  which coa l  can be 
bene f i c ia ted .  Therefore, t h e  base l i ne  l e v e l  o f  o rgan ic  s u l f u r  i s  impor tant  
t o  know so t h a t  economic and t ime e f f e c t i v e  i n o r g a n i c  s u l f u r  e x t r a c t i o n s  can be 
app l i ed  which i n  t u r n  can comply w i t h  combustion standards. 

s u l f a t e ,  and s u l f i d e  s u l f u r s .  
s u l f u r  forms i n  coa ls  a re  t h e  ASTM( 
i s  determined by t h e  Eschka method (D3177-75) and t h e  s u l f a t e  and s u l f i d e  by 
s e l e c t i v e  a c i d  leaches (D2492-68). The o rgan ic  s u l f u r  i s  t hen  obta ined f rom 
the  d i f f e r e n c e  o f  t h e  t o t a l  and the  two ino rgan ic  forms s i n c e  no r e l i a b l e  
d i r e c t  method i s  a v a i l a b l e .  
requ i red  (-1 1/2 days) t o  o b t a i n  the  o rgan ic  s u l f u r  by d i f f e r e n c e  has made 
t h i s  approach undes i rab le  b u t  necessary. 

approach was c a l c u l a t e d  from numerous analyses a t  BMI i n  con junc t i on  w i t h  
p r e c i s i o n  est imates o f  t h e  respec t i ve  ASTM methods. 
t i o n s  (95 conf idence l e v e l )  t he  p r e c i s i o n  was found t o  be 525%. 

forms and t o t a l  s u l f u r  f o r  an es t ima t ion  o f  t he  o rgan ic  s u l f u r  content .  
two methods use X-ray analyses on pressed p e l l e t s  o f  p u l v e r i z e d  coal .  
Hur ley & White(21, use X-ray f luorescence t o  c h a r a c t e r i z e  f o r  a l l  o f  t he  s u l f u r  
forms by wavelength peak caused b y  v a r i a t i o n  i n  t h e  s u l f u r  
bonding. The secondf3j i s  discusse! i n  an unpubl ished r e p o r t  on s u l f u r  de- 
t e r m i n a t i o n  i n  coals ,  and u t i l i z e s  X-ray f luorescence f o r  t o t a l  and s u l f a t e  
s u l f u r s  and X-ray d i f f r a c t i o n  f o r  s u l f i d e  s u l f u r .  
by the  d i f f e r e n c e  i n  t h e  l a t t e r  technique. 

General ly, t h e  forms o f  s u l f u r  i n  coa ls  a re  t h e  i n -  

The s u l f a t e  content  i s  u s u a l l y  present  i n  l ow  amounts except i n  

I f  

Current  ASTM methods prov ides f o r  t he  d i r e c t  analyses o f  t h e  t o t a l ,  

s tandard wet  methods. The t o t a l  s u l f u r  
The a j cep ted  techniques f o r  de te rm in ing  t h e  

The poss ib le  accumulat ion o f  e r r o r s  and the  t ime  

The p r e c i s i o n  o f  t h e  organic  s u l f u r  va lue ob ta inab le  f rom t h i s  

A t  two s tandard devia- 

Inst rumenta l  methods a l so  can be  used t o  determine t h e  i n o r g a n i c  
The 

I n  one, 

h ‘ f t  o f  t h e  SK 

Organic s u l f u r  i s  obta ined 
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Both of the  X-ray methods agree w i t h  corresponding wet chemical data 
on the  same samples. 
a re  a t  l ea s t  as good a s  the ASTM procedure but the time of analyses i s  reduced 
t o  several hours. A d ' r  c t  method f o r  determining organic su l fu r  i n  coals was 
reported by Sutherl and14e using the e lec t ron  microprobe on pressed pel l e t s  
of coal.  

A BMI supported program, therefore ,  was in i t i a t ed  t o  develop a d i r e c t  
and specific method f o r  determining the  organic su l fu r  content in coals and i n  
the presence of the o ther  su l fu r  forms. 
temperature reaction of ionized oxygen species with raw coals t o  y i e ld  vo la t i l e  
SO, components which a re  the reaction products with . the organic su l fu r  content 
of t h e  coals. The SO, products can be co l lec ted  i n  a su i t ab le  t r ap  maintained 
a t  low temperatures and subsequently analyzed. 

The precisions of these instrumental methods therefore ,  

The  approach taken en ta i led  the low 

Eq u i pmen t 

For t h i s  purpose, the instrument used fo r  the oxidation of coals during 
t h i s  program was the LFE LTA 600L low temperature asher.  
a t  a crystal controlled frequency of 13.56 MH2 and has an output capable of 
delivering 300 watts of continuously var iab le  power d is t r ibu ted  among f ive  
separate reaction chambers. 
(300 l/m capac i ty)  so as t o  maintain a pressure of 1 t o r r  a t  an oxygen input 
flow of about 50 cc/min. 
t o  study the mineral matter content o f  coals.  
technique u t i l i z e s  the  oxidative properties of the reactive ionic and atomic 
species o f  oxygen which a re  produced when molecular oxygen i s  passed through a 
h i g h  frequency f i e l d .  The ionized oxygen species a r e  directed to  the surface of 
the  raw coal where se l ec t ive  oxidation of t he  organic content leaves the mineral 
matter re la t ive ly  unaltered f o r  study. The reaction produces vo la t i l e  oxides 
of t h e  to ta l  organic content. These products a re  CO, CO2, H20, SO,, and NO,, 
and they a re  normally allowed t o  be discharged through the vacuum pump. 
temperatuge o f  the coal surface reaction under these conditions can vary from 
50 t o  300 C ending primarily upon the power applied t o  the RF co i l s .  
Frazer e t  al@y and Mitchell e t  a l ( 6 )  used low temperature ashing of coals to  
study mineral s t a b i l i t y  under a var ie ty  of conditions.  Although b e t t e r  s t a -  
b i l i t y  of minerals were observed than t h a t  shown by the a i r  oxidation method 
a t  400%, however, i t  was noted tha t  pure py r i t e  could be oxidized a t  the high 
temperatures, 200-300°C. 

To provide f o r  the co l lec t ion  f a c i l i t y  o f  the desired vapor species,  
the  exit of one of the  reaction chambers was rerouted t o  accomnodate a glass 
trapping system. This modification i s  shown schematically i n  Figure 1. The 
a l l  glass assembly, with ba l l  j o i n t  connectors includes a s top  cock ( 0 ) ,  a t rap  
( C )  t o  co l l ec t  the oxidized species and a connector a t  ( E )  t o  e i t h e r  evacuate 
during a r u n  o r  t o  a t tach  a gas bubbling t r ap  fo r  co l lec t ing  the SO2 a t  the 
end of a r u n .  The remaining chambers were l e f t  en tac t  so as not t o  in t e r f e re  
w i t h  the  operation o f  the instrument. 

The generator operates 

Normal ashing i s  car r ied  out under continuous rough 

The  low temperature oxidation technique has been used 
As indicated previously, the 

The 

Figure 2 shows the sample holder used fo r  loading the  sample f o r  the 
oxidation run. Sample p la te  ( A )  i s  placed in to  the holder a s  shown a f t e r  
loading with coa l .  
the  modified sample chamber. 
o f  the sample. 

The sample holder containing the sample i s  inserted i n  
This overall  arrangement provides ease of handling 
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Reaction and C o l l e c t i o n  Procedure 

A weighed sample i s  loaded i n t o  t h e  sample ho lde r  onto a g lass p l a t e .  
The sample h o l d e r  i s  i n s e r t e d  i n t o  t h e  r e a c t i o n  chamber ( A )  through p a r t  B. 
The system i s  c a r e f u l l y  evacuated t o  about 0.2 t o r r .  
coa ls  progress, the temperature (-196 C) and pressure ( 1  t o r r )  cond i t i ons  
pe rm i t  t r a p p i n g  o f  t h e  SO2 and SO3 gases as s o l i d s .  

The generator  i s  t u rned  o f f  a f t e r ,  upon v i s u a l  examination, the 
samples appear t o  be complete ly  ox id i zed .  
1 t o  3 hours. Hel ium i s  s l o w l y  admi t ted through s top  cock (D) u n t i l  t he  
system can be opened t o  the  a i r .  
cc o f  3% H202 s o l u t i o n  i s  a t tached  t o  ( E ) .  
t he  t r a p  and impinger, t h e  Dewar i s  removed t o  p e r m i t  t h e  t r a n s f e r  o f  t he  
condensed SO2 i n t o  t h e  perox ide scrubber. The t r a p  i s  then r i n s e d  w i t h  a 
peroxide s o l t u i o n  t o  c o l l e c t  t h e  SO3 component o f  t h e  product .  The two 
so lu t i ons  are combined f o r  s u l f a t e  analyses u s i n g  t h e  Dionex Mod 10 I o n  
Chromatograph. 

As t h e  o x i d a t i o n  o f  t he  

The o x i d a t i o n  t ime  can va ry  from 

With a slow purge o f  He through 
A g lass  impinger  b o t t l e  c o n t a i n i n g  about 50 

Samples 

The coa ls  which were se lec ted  f o r  t h i s  program were used as rece ived  
except  t h a t  t hey  were ground t o  pass -200 mesh s i e v e  (74 urn). Wet chemical 
s u l f u r  analyses were ob ta ined  on these coa ls .  
s tudy on one coal ,  severa l  o t h e r  coa ls  o f  v a r y i n g  s u l f u r  and ash contents  
were run t o  e s t a b l i s h  t h e  s u i t a b i l i t y  o f  t h i s  method t o  coa ls  possessing 
va ry ing  chemical con ten ts .  The candidate c o a l s  a r e  l i s t e d  i n  t h e  Table 1 .  
along w i t h  t h e i r  p e r t i n e n t  makeup. 

m i l l i g r a m  range. The r e s u l t i n g  s u l f u r  c o l l e c t i o n s  were expected t o  be o f  
s u f f i c i e n t  q u a n t i t y  t o  be determined by t h e  a n a l y t i c a l  method t o  be used. 
Small charges were used i n  e f f o r t s  t o  reduce t h e  o x i d a t i o n  t ime  t o  severa l  
hours. A f t e r  t h e  i n i t i a l  su r face  o f  coa l  i s  removed, t h e  pene t ra t i on  o f  t he  
i on i zed  oxygen t o  the  coa l  under l y ing  the  ash i s  t i m e  dependent. 
e r r o r s  i n t roduced  i n  t h e  o v e r a l l  de te rm ina t ion  o f  organic  s u l f u r  due t o  ma- 
croscopic  inhomogeniet ies accentuated by t h e  small  sample charges could be 
evaluated i n  t h e  p r e c i s i o n  se r ies .  

I n  a d d i t i o n  t o  a r e p r o d u c i b i l i t y  

The amount o f  coal  samples taken f o r  these runs were i n  the  20-30 

The p o s s i b l e  

TABLE 1.  SAMPLES USED IN LOW TEMPERATURE O X I D A T I O N  STUDIES 

719-3 (Ohio) 5.2 3,6 0.07 
Hazard #4 (Kentucky) 1.52 0.66 0.04 

C o l s t r i p  #2 (Western) 0.68 0.18 0.14 
Beach Bottom #1 (W.Va.) 1.97 1.35 0,03 

Organic Compounds 

D i  t h i  op rop ion i c  17.7 0 0 

S u l f u r ,  % 
Sample Coal To ta l  P y r i t i c  Su l fa te  ’ Organic Ash, % Mois ture 

719-2 (Ohio) 6.3 1.58 2.74 1 - 9  14.2 3:5 

1.4 17.1 1 ,2  

0,82 12,8 1 * 1  
0.36 9.0 16.0 

0,59 25.1 1.7 

0 / . I  

2-Th i ophene 
Carboxy l ic  Ac id  24.7 0 0 24.7 0 
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The pure o rganosu l fu r  compounds shown were a l s o  run s i n c e  t h e  r e s u l t s  
would represent  i d e a l  recovery exper iments i n  t h e  absence o f  i n t e r f e r i n g  
m ine ra l  forms. 
m i l l i g r a m  range. 

The sample charges used f o r  these runs were i n  t h e  5-10 

A study was a l s o  made o f  t he  s t a b i l i t y  o f  FeS2 under t h e  ashing con- 
d i t i o n s  f o r  c o a l .  Ox ida t i on  o f  t h i s  compound y i e l d s  v o l a t i l e  SO2 which would 
be i n d i s t i n g u i s h a b l e  from t h a t  de r i ved  f rom t h e  o rgan ic  s u l f u r  i n  coal .  
a d d i t i o n ,  t h e  pure FeS2 was a l s o  mixed w i t h  o t h e r  components t o  assess t h e i r  
a f f e c t  upon i t s  convers ion.  These m a t e r i a l s  i n c l u d e  pure S i &  g r a p h i t e ,  ash, 
and coa l .  

I n  

EXPERIMENTAL RESULTS 

O x i d a t i o n  Study o f  FeS2 

It was f i r s t  necessary t o  e s t a b l i s h  cond i t i ons  which prevented o r  
The exper imenta l  reduced considerably  t h e  o x i d a t i o n  o f  p y r i t e  t o  y i e l d  SO,. 

cond i t i ons  which were v a r i e d  f o r  t h e  FeS2 study i nc luded  a p p l i e d  power t o  
t h e  plasma, oxygen f low,  p o s i t i o n  o f  samples i n  r e l a t i o n  t o  t h e  plasma, 
p a r t i c l e  s i z e  o f  FeS2, and m ix tu res  o f  var ious m a t e r i a l s  w i t h  pure FeS2. 
For  the runs w i th  o n l y  FeS2, i t  appears t h a t  t h e  convers ion t o  Fez03 and 
v o l a t i l e  SO2 occurs under any c o n d i t i o n .  
increases d i r e c t l y  w i th  t h e  a p p l i e d  power and i n v e r s e l y  w i t h  p a r t i c l e  
The p o s i t i o n  o f  t h e  sample i n  t h e  chamber and t h e  r a t e  o f  oxygen f l o w  used 
has minimal, i f  any, a f f e c t  upon t h e  o x i d a t i o n  o f  FeSZ. 

duced mixed r e s u l t s .  
s u l f u r  compound t o  pu re  FeS2 d i d  n o t  prevent  t h e  FeS2 r e a c t i o n  w i t h  oxygen. 
However, admixtures w i t h  coal  o r  f l y  ash appears t o  prevent  FeS2 o x i d a t i o n .  
reason f o r  t h e  apparent i n h i b i t i o n  o f  t h e  r e a c t i o n  i s  n o t  known b u t  seems t o  
be associated w i t h  c h a r a c t e r i s t i c s  o f  t h e  ash o the r  than SiO2. 
t h e  n a t u r a l  ash i n  c o a l s  acce le ra tes  t h e  r e a c t i o n  o f  t h e  organic  phase w i t h  
t h e  plasma. 
compound, the r e a c t i o n  w i t h  i o n i z e d  oxygen i s  s lower .  

However, t h e  s e v e r i t y  o f  convers ion 
s i ze .  

The runs made us ing  m ix tu res  o f  FeS2 w i t h  t h e  l i s t e d  a d d i t i v e s  pro-  
I t  was found t h a t  by adding g raph i te ,  Si02, o r  an o rgan ic  

The 

The presence o f  

I n  samples c o n t a i n i n g  no  ash, such as g r a p h i t e  o r  an o rganosu l fu r  

Coal Studies 

Coals were o x i d i z e d  u s i n g  t h e  optimum ins t rumen ta l  c o n d i t i o n s  as 

(2) oxygen f l o w  a t  
determined t o  be s u i t a b l e  f o r  t h e  p y r i t e  s tud ies .  
a p p l i e d  power o f  150 w a t t s  o v e r a l l  (30 watts/chamber); 
30 cc/min; ( 3 )  and a pressure o f  1 t o r r .  The sample charge o f  about 25 
m i l l i g r a m s  was used. The c o l l e c t e d  s u l f a t e s  were determined on a Dionex 
Model No. 10 I o n  Chromatograph. 

supp l i ed  a measure o f  t h e  r e p e a t a b i l i t y  o f  t h i s  technique f o r  t h e  o rgan ic  
s u l f u r  recovery i n  one coa l .  These recovery data and p r e c i s i o n  a r e  shown i n  
Table 2. 
o f  t h e  r e l a t i v e  s tandard  d e v i a t i o n  of 19% a t  t h e  95% conf idence l e v e l .  Th i s  
i s  s l i g h t l y  b e t t e r  t han  t h a t  ach ievab le  b y  t h e  i n d i r e c t  ASTM method. 

va r iab les .  
(2) a b i l i t y  t o  d u p l i c a t e  r e a c t i o n  and c o l l e c t i o n  techniques, (3)  analyses o f  
s u l f a t e  so lu t i ons ,  and (4 )  buns extended ove r  a p e r i o d  o f  severa l  weeks. 

These were found t o  be (1)  

Using the above c o n d i t i o n s  f o r  a coa l  (719-Z), a s e r i e s  o f  t e n  runs 

The r a t i o  o f  t h e  obta ined/expected values a l l ow  f o r  t h e  c a l c u l a t i o n  

The r e p e a t a b i l i t y  data shown i n  Table 2 i nc ludes  a wide range o f  
These i n c l u d e  (1 )  p o s s i b l e  inhomogeneity o f  smal l  coa l  charges, 
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FIGURE 2. SAMPLE PLATE AND HOLDER INSERT 

FIGURE I. SCHEMATIC OF LOW-TEMPERATURE ASHER SHOWING 
MODIFIED REACTION CHAMER AND GAS FLOWS 
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TABLE 2.  REPEATABILITY RUNS OF THE ANALYSES OF ORGANIC SULFUR 
FROM OXIDATION OF 719-2 COAL 

Net Organic S u l f u r ,  micrograms 
Expected Obtained Ra t io  Obtai ned/Expected 

440 450 
405 41 0 
420 475 
420 360 
380 360 
4 30 450 
440 440 
415 380 
430 350 

1.023 
1.012 
1.131 
0.861 
0.949 
1.047 
1 .oo 
0.916 
0.814 

Mean 0.971 

% SD (95%) 19.0 

The second s tudy  i n v o l v i n g  coal 719-2 was t o  o x i d i z e  f o r  SOx 
recovery a f t e r  s p i k i n g  w i t h  q u a n t i t i e s  o f  FeS2 i n  a p a r t i c l e  s i z e  range o f  
<37 pin. The s u l f i d e  was premixed w i t h  coa l  a t  about the  12% l e v e l  so t h a t  the 
charge t o  be o x i d i z e d  was about  25 m i l l i g r a m s  o f  coal and 3 m i l l i g r a m s  o f  pure 
p y r i t e .  The m ix  runs were s i m i l a r  t o  t h e  coa l -on l y  runs f o r  t h e  o v e r a l l  p ro -  
cedure. Resul ts  o f  t h e  coal-FeSp r u n s  a r e  shown i n  Table 3. The r e l a t i v e  
standard d e v i a t i o n  a t  t h e  95% conf idence l e v e l  i s  seen t o  be 17%. 

TABLE 3. ANALYSES OF ORGANIC SULFUR FROM OXIDATION OF 719-2 COAL 
SPIKED WITH PURE FeS2 

Organic Su l fu r ,  micrograms 
Expected Obtained Ra t io  Obtai ned/Expected 

350 330 
345 350 
370 440 
300 320 

0.943 
1.014 
1.190 
1.07 

Mean 1.054 

% SD (95%) 17.0 

The t h i r d  ma jo r  exper iment  i nvo l ved  the  r e p e a t a b i l i t y  o f  t h i s  
technique when a p p l i e d  t o  a wide range o f  coa ls .  
c luded  a v a r i a t i o n  i n  t o t a l ,  p y r i t i c ,  and organic  s u l f u r s  as w e l l  as t h e  ash 
con ten t .  The coa ls  used f o r  these runs a r e  l i s t e d  i n  Table 1. 

The f o u r  coa ls  were r u n  i n  t r i p l i c a t e  us ing  s i m i l a r  procedure condi -  
t i o n s  as the two p rev ious  s t u d i e s  w i t h  coa l  719-2. 
coa ls  a re  shown i n  Table 4. 
t h e  o t h e r  r a t i o  da ta  seem t o  be w e l l  w i t h i n  t h e  e r r o r s  assoc ia ted  w i t h  e i t h e r  the  
ASTM o r  t h i s  d i r e c t  method. 

The bas i s  f o r  s e l e c t i o n  i n -  

The r e s u l t s  on t h e  f o u r  
One r u n  ( c o l s t r i p )  appears t o  be o u t  of l i n e ,  b u t  

The r e s u l t s  show t h a t  t h i s  d i r e c t  ( o x i d a t i o n )  
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method does p rov ide  a reasonable es t ima te  o f  t h e  o rgan ic  s u l f u r  con ten t  i n  
a v a r i e t y  o f  coa ls .  

90-95% range. 
t h e  temperatures achieved du r ing  t h e  ox ida t i ons .  
a f fec t  t h i s  has on f u l l  r ecove r ies .  

Theore t i ca l  recove r ies  o f  S i n  pure o rgan ic  compounds were the  
The m e l t i n g  p o i n t s  o f  t h e  two organo s u l f u r  components are near  

I t  i s  u n c e r t a i n  what, i f  any, 

TABLE 4. APPLICATION OF THE OXIDATION TECHNIQUE TO VARIOUS COALS 

Organic S u l f u r ,  micrograms General Cons t i t uen t  
Expected Obtained R a t i o  Range 

C o l s t r i p  #2 77 123 
75 85 
70 80 

Hazard #4 220 173 
185 173 
200 100 

Coshocton 719-3 330 300 
330 31 3 
325 340 

Beach Bottom #1 180 195 
185 210 
170 190 

1.6 Low p y r i t e ,  OS, Ash 
1.1 
1.1 

0.79 Medium p y r i t e ,  OS, Ash 
0.94 
0.95 

0.91 High p y r i t e  and OS, 
0.95 medium ash 
1.05 

1.1 High p y r i t e  and ash, 
1 .1  medium OS 
1.1 

Discuss ion o f  Problems 

Other  o x i d i z e d  products  o f  coals  were condensed a t  t h e  l i q u i d  
n i t r o g e n  temperatures. 
t e n t s  o f  t h e  condensed m a t e r i a l ,  small  amounts o f  ozone,were present  i n  most 
runs. Acc identa l  leaks i n  t h e  system d u r i n g  a run  appears t o  dep le te  n o t  on l y  t h e  
ozone, b u t  a l s o  t h e  condensed SO . 
t o  form a NO-SO complex which maies i t  unava i l ab le  f o r  t h e  a n a l y t i c a l  method used. 

pressure used t o  c a r r y  o u t  t h e  o x i d a t i o n .  
i s  about 40 nanograms pe r  hour. 

i t s  recovery f o r  ana lys i s .  One at tempt  i nc luded  t h e  p o s s i b l e  c a t a l y t i c  convers ion 
o f  SO2 t o  SO3 f o r  i t s  lower  temperature c o l l e c t i o n .  
surface occurred about h a l f  way through t h e  run  t o  make t h i s  approach unsuccessful.  
The second at tempt  i n v o l v e d  p l a c i n g  a NaOH-laden quar t z  wool p l u g  i n  t h e  r e a r  o f  
t h e  ho lde r  i n s e r t .  Th i s  appears t o  be very e f f e c t i v e  i n  c a p t u r i n g  the  SO, vapor. 
However, t o  be e f f e c t i v e  the  p lug  should be s l i g h t l y  mo is t ,  and t h i s  i n t roduces  
some vacuum problems which have n o t  been s t u d i e d  t o o  thoroughly .  

g lass  system can occur  a t  h i g h  Sdx concen t ra t i ons .  The d e p o s i t i o n  on t h e  g lass 
surfaces was very much i n  evidence i n  t h e  i n v e s t i g a t i o n s  w i t h  pure FeS2. Blank 
l e v e l s  were found a f t e r  coal  runs. 

Although no at tempts were made t o  analyze the  f u l l  con- 

The r e s u l t i n g  NO, apparen t l y  reac ts  w i t h  SO2 

The condensed SO2 i s  reasonably s t a b l e  a t  t h e  t r a p  temperature and 
The c a l c u l a t e d  l o s s  through v a p o r i z a t i o n  

Other SO, F o l l e c t i o n  techniques were t r i e d  i n  e f f o r t s  t o  s i m p l i f y  

Poisoning o f  t h e  p la t i num 

Predepos i t i on  o f  SO (p robab ly  as H2SO3 o r  H2SO4) on t h e  w a l l s  o f  

/ 
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CONCLUSIONS 

Based upon the experimental work car r ied  out on this  program, a 
d i r e c t  method fo r  determining the  organic su l fu r  content i n  coals has been 
developed. 
the organically bound component of coa ls  w i t h  ionized plasma of oxygen t o  
y ie ld  vo la t i l e  oxidic species pecul ia r  t o  the  to t a l  organic makeup. 
desired products a re  condensed a t  a low temperature fo r  subsequent analysis.  

The  work reported herein has demonstrated tha t  t h i s  technique i s  
spec i f ic  f o r  the organic su l fu r  content of coals within the e r r o r  of the 
overall  procedure. Repeatability runs on one coal (719-2) has produced 
r e l a t ive  standard deviations b e t t e r  than those obtained f o r  organic su l fu r  
using the d i f f e ren t  methods of ASTM. 
the same coal even when spiked with comparatively large quant i t ies  of pure 
FeS2 i n  the pa r t i c l e  s i ze  range of <37 urn. No s a c r i f i c e  in the recovery 
amounts of the  expected organic s u l f u r  i n  the  coal were indicated i n  these 
spiked runs. Successful application of this  technique t o  o ther  coals of 
varying consti tuents has provided some measure of the ruggedness and 
confidence of t h i s  approach. Also the  repea tab i l i ty  runs indica te  tha t  the  
use of the 25 milligram sample charge i s  j u s t i f i e d .  Any e r r o r  which may 
a r i s e  from the inhomogeneous d i s t r ibu t ion  of organic su l fu r  in the use of 
small charges appears t o  be minimal o r  w i t h i n  the experimental precision of 
the method. 

The procedure makes use of the  r e l a t ive  ease o f  oxidation of 

The 

Similar precision was obtained from 

1.  
2 .  

3. 

4. 

5. 

6. 
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OXYGEN DETERMINATION AND STOICHIOMETRY OF SOME COALS 

Alexis Volborth, G .  E .  Miller, Claudia K. Garner 
and P. A. Jerabek 

North Dakota State  University, Fargo, North Dakota 58102 

INTRODUCTION 

Chemical coal analysis  i s  divided into two categories -- the  Proximate and 
the Ultimate. In the Proximate Analysis one determines and reports "Moisture", 
"Ash", "Volatile Matter", and "Fixed Carbon". In the Ultimate coal analysis  one 
actual ly  determines the  concentration of hydrogen, carbon, nitrogen and sulfur,  
reports  i n  weight percent and estimates a quantity cal led "Oxygen by Difference" 
by subtracting the sum o f  the above elements p l u s  the "Ash" from hundred. (1,2, 

In addition, (1,2,3) the coal chemist dis t inguishes  and attempts t o  deter-  

3,435) 

mine three types of su l fur  i n  coal ( the su l fa te  sulfur ,  the pyri te  su l fur ,  and 
the organic s u l f u r ) ,  and a l so  t r i e s  t o  determine, o r ,  a t  l e a s t ,  estimate, the 
Mineral Matter a s  or ig ina l ly  present i n  coal. 
t race  elements, especial ly  those t h a t  can a f f e c t  the environment (Hg, Cd, Pb, 
As, Se, Zn ,  e tc . )  are  often also sought. 

Proximate category only the  term "Moisture" may be equated w i t h  a chemically de- 
fined composition, namely, tha t  of water. However, should this  "Moisture" con- 
ta in  hydrocarbons or nitrogen vola t i l i zed  a t  the drying temperature, t h e n  a 
simple weight loss  method would not be suf f ic ien t  t o  give chemically meaningful 
values. 
as  "weight loss"  a f t e r  drying i n  an oven a t  a given temperature for  a cer ta in  time. 

total  weight of incombustible residue derived from the inorganic mineral matter 
t h r o u g h  dehydration, decomposition, oxidation and a1 terat ion caused by high tem- 
perature (s900°C) igni t ion of the coal i n  a i r .  I t  i s  then a mixture of a hetero- 
geneous character and i s  of an indeterminate and varying composition which i s  i n  
some way related t o  the original bulk of minerals in coal. Subtracting the Total 
Ash  in the Ultimate Coal Analysis i n  order t o  estimate the "Oxygen by Difference" 
introduces, therefore, indeterminate e r rors  in to  otherwise stoichiometrically 
qui te  acceptable procedure of subtracting a sum of determined major elements from 
hundred in  order t o  estimate the completeness of the analysis and assuming tha t  
the difference should be oxygen. 
based on calculation by difference r e s u l t s  in ref lect ion o f  a l l  errors  i n  such a 
value. 

Chlorine, as  well a s  several 

When we examine the nature of coal analysis  reporting, we notice t h a t  in the 

Thus we must describe and t r e a t  t h i s  "Moisture" (when so determined) 

The quantity called "Ash" or " H i g h  Temperature Ash" (HTA) const i tutes  the 

One should a l so  bear i n  mind t h a t  any method 

From the standpoint of oxygen stoichiometry, the other two quant i t ies  of the 
Proximate Coal Analysis -- the "Volat i le  Matter" and the "Fixed Carbon" a re  o f  
l i t t l e  imtortance because the f i r s t  gives the bulk vola t i l i zed  matter m i n u s  
"Moisture ; the second i s  derived by subtracting the sum of the other three quan- 
t i t i e s  ("Moisture" + "Ash" + "Volatile Matter") from hundred. 

I n  order t o  attempt t o  quant i t ize  the coal analysis  fur ther ,  we need t h u s  a 
d i r e c t  determination of oxygen, and once we have data f o r  to ta l  oxygen, we must 
attempt t o  res t ructure  the recalculation of coal analysis  into a stoichiometrical- 
l y  more meaningful form. When t h i s  i s  done, the Material Balances of coal anal- 
yses s h o u l d  become more meaningful t o  the chemist and the  engineer. T h e  inade- 
quacies of the chemical coal analysis  recalculat ions and o f  the attempts t o  derive 
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from these s t o i c h i o m e t r i c  data, as w e l l  as the.need f o r  a d i r e c t  oxygen d e t e r -  
m ina t i on  have been l o n g  recognized. We quote W. H. Ode o f  t h e  U. s. Bureau o f  
Mines (1963)(6): "The disadvantage o f  such an  i n d i r e c t  method i s  t h a t  a l l  o f  t h e  
e r r o r s  o f  t h e  o t h e r  de te rm ina t ions  a r e  p laced  on t h e  oxygen, and a M a t e r i a l  Ba l -  
ance (emphasis ours) cannot be obta ined t o  a i d  i n  check ing t h e  accuracy o f  t h e  
U1 t i m a t e  Analys is" .  

Once a d i r e c t  de te rm ina t ion  of  oxygen i s  made, t h e  coal  a n a l y s t  has t o  
reconsider  t h e  s tandard ized methods (3,4) o f  r e p o r t i n g  and c a l c u l a t i o n  o f  coa l  
ana lys i s .  For example, t h e  comparison o f  "oxygen determined" t o  "oxygen ca l cu -  
l a t e d  by d i f f e r e n c e " ,  us ing  t h e  standard methods, can be meaningless as Given 
(1975) has r i g h t l y  p o i n t e d  o u t  (p. 9 ) (5 )  r e f e r r i n g  t o  t h e  work o f  Hamrin, e t  a1 
(1975) who have used a fas t -neu t ron  a c t i v a t i o n  method s i m i l a r ,  b u t  n o t  i d e n t i c a l  
t o  ou rs  t o  determine oxygen i n  Kentucky No. 9 coal  ( 7 ) .  (See work by James, e t  
a1 (1976)(16), Chyi, e t  a1 (18)  and B lock  and Dams (17 ) ) .  

We have suggested i n  1974(8) the  use o f  t h e  u l t r a  accu ra te  fas t -neu t ron  a c t i -  
v a t i o n  method i n  coa l  a n a l y s i s .  Such method was f i r s t  developed by Vo lbo r th  and 
Banta i n  1963 (9)  f o r  t he  a n a l y s i s  o f  rocks,  l u n a r  samples, and i n d u s t r i a l  ma te r i -  
a l s  (10,11,12). We have f u r t h e r  per fected and adapted t h i s  method t o  t h e  a n a l y s i s  
o f  coa l  ash (13 ) ,  coa l  (14), and the  computerized r e c a l c u l a t i o n  o f  M a t e r i a l  Ba l -  
ances (15) o f  s i x  subbituminous Wyoming coa ls .  
problems we have encountered and presents  new data on a wide v a r i e t y  o f  c o a l s  sub- 
m i t t e d  by t h e  Pennsylvania S t a t e  U n i v e r s i t y  (Dr. A lan  Davis) from t h e  w e l l  charac- 
t e r i z e d  c o l l e c t i o n  f rom an ERDA supported, computerized data bank ( 5 )  and some 
by t h e  I l l i n o i s  S t a t e  Geologica l  Survey ( D r .  Haro ld J. G lusko te r  and O r .  Rodney 
R. Ruch). 
descr ibed e a r l  i e r .  

Th i s  paper d iscusses s p e c i f i c  

We a l s o  u t i l i z e  t h e  data on t h e  subbituminous coa ls  from Wyoming (15) 

EXPERIMENTAL 

The method used has been descr ibed i n  d e t a i l  elsewhere (8,9,10,11,12,14). 
It c o n s i s t s  o f  20 seconds i r r a d i a t i o n  and 20 seconds coun t ing  o f  two samples, 
a standard and t h e  unknown, s imul taneously .  
t h e  a l t e r n a t e  sw i t ch ing  o f  samples i n to  oppos i te  t r a n s f e r  channels t o  c o r r e c t  f o r  
e l e c t r o n i c  d r i f t  and b ias .  The nuc lear  r e a c t i o n  160(n,p)16N and coun t ing  o f  t he  
r e s u l t i n g  6 .1  and 7 . 1  MeV gammas w i t h  a h a l f  l i f e  o f  7.3 seconds a r e  used. 
coal  samples a r e  packed i n t o  p l a s t i c  con ta ine rs  ( r a b b i t s )  and a r e  sealed. Mois- 
t u r e  a t  105OC i s  determined on  a l l  samples, and t h e  a d d i t i o n  o r  l o s s  o f  weight  
occu r r i ng  w h i l e  t h e  samples a r e  being packed i s  a l s o  determined by keeping a 
small  sample exposed t o  ambient c o n d i t i o n s  f o r  t h e  d u r a t i o n  o f  exposure. Some 
d r i e d  coal powders a r e  ve ry  hygroscopic, ga in ing  f rom 0.2 t o  .6% i n  weight  dur-  
i n g  t h e  10 t o  15 minutes o f  t h e  packing procedure. Oxygen i s  determined on ho- 
mogenized j u s t  opened "as rece ived"  samples on which mo is tu re  i s  determined i n  
ou r  l a b o r a t o r y  a t  t h e  t ime  o f  packing. Oxygen i s  a l s o  determined on  t h e  d r i e d  
samples (105OC). The p r e c i s i o n  o f  t h i s  method i s  10.2% (absolute)  o r  b e t t e r .  
A s imple computer program computes t h e  oxygen percentage i n  "as received"  and 
i n  d r i e d  samples t a k i n g  t h e  determined mo is tu re  as H,O i n t o  account. 
a r e  i n p u t  i n t o  a l a r g e r  computer program which uses a l s o  data prov ided by t h e  
l a b o r a t o r y  submi t t i ng  t h e  samples. These i n c l u d e  t h e  data o f  t h e  Proximate and 
t h e  U l t i m a t e  Coal Ana lys i s .  Th i s  program reca lcu la tes ,  us ing  t h e  ASTM Standard 
formulas (1,2,3), t h e  coal  analyses data based on o u r  "Mois ture" ,  and g i v e s  the  
corresponding da ta  on "Dry" and "Dry-Ash-Free'' (DAF) bas is .  The r e s u l t  i s  f o u r  
columns of a n a l y t i c a l  data on a coal sample, i n c l u d i n g  t h e  source da ta  reca lcu -  
l a t e d  t o  ou r  M o i s t u r e  bas i s  (See Table 1). The p r i n t o u t  i nc ludes  "Oxygen by 
Difference" c a l c u l a t e d  i n  each column and Oxygen Oetermined on "As Received" 
Sample as w e l l  as on sample d r i e d  a t  105oC. The determined oxygen i s  reca lcu -  
l a t e d  based on t h e  t o t a l  coal a n a l y s i s  da ta  so t h a t  i t  can be compared i n  each 
column with t h e  corresponding oxygen based on o t h e r  methods o f  r e p o r t i n g  o f  coal 
analyses. 

A spec ia l  f e a t u r e  o f  ou r  system i s  

The 

These data 
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The experiment i s  so designed as t o  p e r m i t  t h e  chemist  t o  d e t e c t  and 
est imate t h e  minimum e x t e n t  o f  o x i d a t i o n  o f  t h e  coal  i n  a i r  du r ing  t h e  Mo is tu re  
de te rm ina t ion  a t  105OC. 
c a l c u l a t e d  data on bo th  samples i n  "As Received" and "Dry" columns. 

Assuming t h a t  no o t h e r  losses than water  and no o x i d a t i o n  occur ,  t h e  d e t e r -  
mined oxygen i n  t h e  "Dry" column should c l o s e l y  correspond t o  t h e  c a l c u l a t e d  based 
on oxygen determined i n  t h e  "As Received" sample. 
ma t te r  or ,  i f  unava i l ab le ,  o f  t he  ash has been a l s o  determined o r  es t ima ted  p ro -  
p e r l y  and t h e  analyses o f  C, H, s, N and C1 a r e  accurate,  a good sum should then 
be an i n d i c a t i o n  o f  completeness o f  such a coa l  ana lys i s .  
i n  d r y  sample than t h a t  c a l c u l a t e d  based on "As Received" column should i n d i c a t e  
o x i d a t i o n  o r  e v o l u t i o n  o f  non-oxygen bear ing  gtses ( r e t e n t i o n  o f  more oxygen than 
was assumed). These processes cou ld  a l s o  balance o u t  so t h a t  w h i l e  no apparent  
weight  l o s s  occurs, o x i d a t i o n  and e v o l u t i o n  o f  N,, CO,, CH,, C,H, e t c .  has taken 
place. The correctness o f  t h e  assumption t h a t  a l l  mo is tu re  i s  water  can thus  be 
checked o n l y  approx imate ly  f o r  each coal  as analyzed. 
o x i d a t i o n  o f  coal p a r a l l e l  w i t h  a water l o s s  would tend  t o  r e s u l t  i n  t o o  low va lues 
f o r  "Mois ture"  and d e p l e t i o n  o f  t he  system o f  t h a t  q u a n t i t y  o f  hydrogen associated 
w i t h  H20. 
values f o r  C, H, S, and N, and, the re fo re ,  i n  t o o  l ow  "Oxygen by D i f f e r e n c e "  va lues 
causing too  h igh  summations i f  oxygen con ten t  i s  determined independent ly .  A l l  o f  
these e f f e c t s  have a tendency t o  increase t h e  oxygen con ten t  i n  t h e  d r i e d  coa l .  
Thus i n  most coals ,  one would expect an increase i n  determined oxygen i n  oven d r i e d  
samples. 

Decreases o f  oxygen con ten t  i n  d r i e d  coal  ( a f t e r  t h e  weight  l o s s  has been 
accounted f o r  as water)  cou ld  be due t o  removal o f  su r face  oxygen and replacement 
o f  i t  by n i t r o g e n  o r  coa l -de r i ved  methane, f o r  example. T h i s  e f f e c t  should be 
mos t l y  n e g l i g i b l e ,  e s p e c i a l l y  s ince  most coal  would tend to  o x i d i z e  a t  l e a s t  some- 
what du r ing  hea t ing  i n  a i r ,  masking t h i s  phenomenon. 

Th is  i s  done by comparison o f  determined versus back- 

I f  t h e  oxygen i n  t h e  m ine ra l  

Higher  oxygen determined 

I t must be understood t h a t  

Low r e p o r t i n g  o f  "Mois ture"  does a l s o  r e s u l t  i n  t o o  h igh  c a l c u l a t e d  

RESULTS AND CONCLUSIONS 

T h i r t y - t h r e e  coa ls  ranging i n  rank from L i g n i t e  t o  Bituminous c o a l s  and i n -  
c l u d i n g  subbituminous, h i g h  v o l a t i l e ,  medium v o l a t i l e  and low v o l a t i l e  b i tuminous 
coa ls  wereanalyzed and t h e i r  analyses r e c a l c u l a t e d  i n  the  manner desc r ibed  above. 

To i l 1 , u s t r a t e  t h e  behaviour o f  these coa ls  upon d ry ing ,  t h e  d e v i a t i o n s  between 
oxygen i n  Dr ied"  versus "As Received" samples were p l o t t e d  i n  F igu re  1. 

Compared on DAF basis ,  seventeen (17 )  o f  these coa ls  show oxygen con ten t  
h ighe r  when determined i n  t h e  oven d r i e d  coal  (105OC) than t h a t  r e c a l c u l a t e d  t o  
t h i s  bas i s  from oxygen determined on "As Received" (by us) coal .  
coa ls  no change w i t h i n  t h e  p r e c i s i o n  l i m i t s  o f  k0.31 abso lu te  cou ld  be observed 
and i n  four  (4)  coa ls  oxygen contents  l ower  than t h e  p r e c i s i o n  l i m i t  were detected.  
Thus o n l y  about 12% o f  a l l  coa ls  analyzed showed e f f e c t s  o f  some process t h a t  may 
be c a l l e d  reduc t i on ,  whereas 52% o f  a l l  coa ls  analyzed showed de tec tab le  o x i d a t i o n  
and about 36% showed i n s i g n i f i c a n t  changes undectable by ou r  method. T h i s  con f i rms  
the  p red ic ted  behav iou r  i n  t h e  l a s t  paragraphs o f  t h e  prev ious chapter .  Oxygen 
l o s s  i n  t h e  d r i e d  coal  a t  105OC i s  u n l i k e l y  because most o f  t h e  processes t h a t  can 
occur concur ren t l y  would tend  t o  o x i d i z e  o r  increase t h e  oxygen con ten t  i f  t h e  
gases evolved do n o t  c o n t a i n  o r  con ta in  l e s s  oxygen than the  water  as assumed. 
Only molecular  oxygen i f  d r i v e n  o f f  t h e  su r face  would cause a decrease o f  o v e r a l l  
oxygen i n  t h e  d r i e d  coa l .  It i s  c l e a r  t h a t  t h e r e  i s  a p o s i t i v e  b i a s  i n  t h i s  com- 
pa r i son  as seen i n  F igu re  1 and t h a t  i t  i s  n o t  dependent on t h e  rank o f  c o a l .  

A t y p i c a l  r e c a l c u l a t i o n  o f  two coal  analyses d e r i v e d  from computer p r i n t o u t s  
i s  g iven i n  Table 1. 

I n  twe lve  (12) 

The f i r s t  ana lys i s  i s  o f  a High V o l a t i l e  A B i tuminous Coal 
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from t h e  Tioga Seam, Tioga No. 1 Mine, Nicholas County, West V i r g i n i a  (PSOC-121). 
I n  t h i s  ana lys i s  t h e  mo is tu re  determined i n  our  l a b o r a t o r y  (1.29%) i s  w i t h i n  .2% 
Of  t he  mois ture repo r ted  (1.52%) i n  t h e  Source Data (Pennstate U n i v e r s i t y ) ,  t he  
Ash I s  low (2.52%) and most o f  t he  s u l f u r  i s  o rgan ic .  Both these f a c t o r s  assure 
t h a t  t he  e r r o r s  due t o  t h e  f a c t  t h a t  ash i s  n o t  m ine ra l  ma t te r  w i l l  be smal l .  
Indeed, t h i s  a n a l y s i s  balances w e l l ,  t h e  oxygen based on d i r e c t  de te rm ina t ion  i n  
Coal "As Received" by us as w e l l  as oxygen determined on d r i e d  coa l  a t  105OC co r -  
responds c l o s e l y .  Thus we can say t h a t  t h i s  coal  does n o t  o x i d i z e  p e r c e p t i b l y  
du r ing  d r y i n g  i n  a i r  and t h a t  t he  mo is tu re  i s  p robab ly  a l l  wa te r  (H,O). 
n o t  analyzed t h e  ash, we es t ima te  t h a t  i t  conta ined 46% oxygen, as shown by us 
(13)  fo r  U.S. coa ls  and by Block and Dams (17) f o r  some European coals .  
must con ta in  54% ca t ions  i n c l u d i n g  s u l f u r  and c h l o r i n e ,  and we add t h i s  amount 
t o  t h e  summations which a r e  f i r s t  d e r i v e d  by adding t h e  determined C, H, N, S, 
and t o t a l  0% (determined by FNAA). The good second summation shows t h a t  i n  t h i s  
coa l  our  assumptions and approx imat ions were j u s t i f i e d .  

Texas, PSOC-140. 
ed by Pennstate (33.39%). 
i s  1.05% (abso lu te )  h ighe r  than would be expected based on r e c a l c u l a t e d  oxygen 
based on oxygen determined i n  t h e  "As Received" c o a l .  
o x i d a t i o n  and p o s s i b l y  e v o l u t i o n  o f  gases c o n t a i n i n g  l e s s  oxygen than water. 
coal  con ta ins  r e l a t i v e l y  l i t t l e  p y r i t e  s u l f u r  (.21%) and o n l y  6.2% ash, so t h a t  
t h e  est imated 54% c a t i o n s  p l u s  s u l f u r  p l u s  c h l o r i n e  may be used t o  approx imate ly  
balance t h e  a n a l y s i s  when t h e  determined oxygen va lues a r e  summed up i n  t h e  OAF 
column. Since we know t h a t  t h i s  coal has o x i d i z e d  by a d d i t i o n  o f  approx imate ly  
1.05% 0 (abso lu te ) ,  we can assume t h a t  t h e  "Mois ture"  l o s s  should have been r e p o r t -  
ed h igher  by a t  l e a s t  t h a t  amount. Assuming t h a t  a l l  o t h e r  de te rm ina t ions  were 
done c o r r e c t l y ,  t h e  use o f  t h e  too l o w  Mo is tu re  va lue would r e s u l t  e s p e c i a l l y  i n  
p r o p o r t i o n a l l y  t o o  h igh  c a l c u l a t e d  va lue  f o r  C, H, N, and S ,  and thus  t o o  low 
values f o r  0 by D i f f e rence ,  which seems t o  be t h e  case. Th is  can be seen by 
comparison w i t h  t h e  determined oxygen i n  "as rece ived"  coa l  c a l c u l a t e d  t o  DAF 
basis .  When t h i s  oxygen va lue i s  used i n  t h e  s u m a t i o n ,  one may approx imate ly  
est imate whether t h e  s t a t e  o f  t h e  complete coal  a n a l y s i s  as r e p o r t e d  i s  s a t i s f a c -  
t o r y .  It can be 
due t o  a combination o f  i n t e r r e l a t e d  fac to rs ,  which can be a cause f o r  erroneous 
mois ture determinat ion,  each t o  a d i f f e r e n t  degree. a )  o x i d a t i o n  du r -  
i n g  mois ture determinat ion;  b) e v o l u t i o n  o f  gases o t h e r  than H,O c o n t a i n i n g  none 
o r  l e s s  oxygen than water (N,, CO, CO,, CH,, C,H,, e tc . ) ;  c )  c a l c u l a t i o n  e r r o r s  
based on f a u l t y  mo is tu re  de te rm ina t ion  which may cause a d i l u t i o n  e f f e c t  espec ia l -  
l y  on the major  components, such as t h e  carbon value, f o r  example; d) a n a l y t i c a l  
e r r o r s  and b ias;  e)  t he  f a c t  t h a t  ash i s  n o t  m ine ra l  ma t te r  and t h a t  p y r i t e  s u l -  
f u r  should be counted as p y r i t e ,  FeS,, as Given has p o i n t e d  o u t  (5) (pp.  31-33). 

The t reatment  o f  t h e  coal  analyses descr ibed above r a i s e s  severa l  c r i t i c a l  
questions, o f  which o n l y  t h e  most impor tan t  can be discussed here. A few assump- 
t i o n s  have been made above which s t r i c t l y  speaking a r e  no t t rue ,  and once one 
attempts t o  q u a n t i t i z e  the  coa l  ana lys i s ,  t hen  why n o t  proceed l o g i c a l l y  by re -  . 
moving a l l  approximations and r e p o r t  on a s t o i c h i o m e t r i c  bas i s?  

I t t u r n s  ou t  t h a t  t h i s  cannot be done i n  one s tep  w i t h o u t  demol ish ing a 
cen tu ry -o ld  convent ion due t o  t h e  complex n a t u r e  o f  computations o f  t h e  c l a s s i c a l  
coal ana lys i s .  The bas i c  reason f o r  t h e  way a coa l  a n a l y s i s  i s  computed today i s  
t he  v a r i a b l e  na tu re  o f  t he  coal  substance and t h e  i n a b i l i t y  o f  t h e  coal  chemist 
t o  procure a r a p i d  and inexpensive oxygen a n a l y s i s  w i t h i n  t h e  U l t i m a t e  Ana lys i s  
Family. 
in format ion and t u r n  o u t  computations which would approximate t h e  t r u e  chemical 
s t o i c h i o m e t r i c  balances i n  t h e  composi t ion o f  coal as c l o s e l y  as poss ib le .  
sho r t ,  t h e  coal chemist has accepted t h e  va lue f o r  "Ash" as r e p r e s e n t a t i v e  o f  t h e  

Having 

Thus i t  

The second comp i la t i on  i s  o f  a L i g n i t e  from t h e  Darco Mine, H a r r i s o n  County, 
Determined mo is tu re  (33.96%) compares c l o s e l y  w i t h  t h a t  r e p o r t -  

The oxygen determined i n  t h e  d r i e d  coa l  (105OC), however, 

Th i s  i n d i c a t e s  cons ide rab le  
T h i s  

I n  t h i s  case, a bu l k  e r r o r  o f  rough ly  about 3% i s  i n d i c a t e d .  

These are:  

Th is  s i t u a t i o n  has r e s u l t e d  i n  e f f o r t s  t o  somehow bypass t h i s  d e a r t h  o f  

I n  
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minera l  ma t te r  i n  t h e  "As Received", t h e  "Dry" and t h e  d e r i v a t i o n  of  t h e  "DAF" 
columns. Also, i n  t h e  c a l c u l a t i o n  o f  t h e  "Oxygen by D i f f e rence" ,  t h e  whole Ash 
i s  cus tomar i l y  deducted from hundred. Obviously, by d e f i n i t i o n ,  one cannot 
equate t h i s  q u a n t i t y  w i t h  oxygen determined d i r e c t l y  and a qu ick  comparison i n  
Table 2 shows t h a t  such c o r r e l a t i o n  can l e a d  t o  gross e r r o r s  and misunderstanding. 
Nevertheless, i n a d v e r t e n t l y  such comparisons a r e  o f t e n  made e s p e c i a l l y  i n  i n d u s t r y .  
Th i s  i s  p resen t l y  t h e  r u l e ,  and worse, when "Oxygen by D i f f e rence"  i s  used t o  p l o t  
such r a t i o s  as H/C versus O / C  (19,ZO) where by i m p l i c a t i o n  and the  use o f  t h e  
chemical symbol, a v e r y  m is lead ing  p i c t u r e  i s  g iven.  

I n  Table 2 we have compiled "Oxygen by D i f f e rence"  data as r e p o r t e d  by t h e  
U.S. Bureau o f  Mines on "As Received" bas i s  ( f i r s t  column) w i t h  oxygen determined 
by FNAA on samples as r e c e i v e d  by us and back-ca lcu lated based on o u r  mo is tu re  
data (second column) w i t h  oxygen by d i f f e r e n c e  c a l c u l a t e d  i n  ou r  computer program 
assuming t h a t  t h e  ash con ta ined  46% 0 ( t h i r d  column) and s u b t r a c t i n g  o n l y  t h e  
oxygen o f  t h e  ash. Whi le  comparison o f  t h e  convent ional  "Oxygen by D i f f e rence"  
with oxygen determined makes l i t t l e  sense, t h i s  column shows improvement i n  terms 
o f  comparison o f  oxygen by d i f f e r e n c e  so c a l c u l a t e d  w i t h  t h e  determined oxygen. 
We seem t o  be thus on t h e  r i g h t  path, and a b l e  t o  see whether the o v e r a l l  assump- 
t i o n s  were c o r r e c t .  

The ash p o r t i o n  o f  coa ls  v a r i e s  from a few pe rcen t  t o  about 20 percent  and 
more. To c o r r e c t  f o r  t h e  inadequacy o f  r e p o r t i n g  and s u b t r a c t i n g  as such, Pa r r  
i n  1932 (21) has proposed t o  es t ima te  t h e  M ine ra l  M a t t e r  by t h e  formula:  % Minera l  
M a t t e r  = 1.08 x % Ash i n  Coal + 0.55% S u l f u r  i n  coa l ,  where t h e  f a c t o r  1.08 i s  t h e  
e m p i r i c a l l y  de r i ved  va lue  f o r  water  o f  h y d r a t i o n  o f  t h e  m ine ra l s  u s u a l l y  found i n  
ash. 

Based on s i m i l a r  cons ide ra t i on ,  King, e t  a1 i n  1936 ( 2 2 )  have de r i ved  a more 
accu ra te  Minera l  M a t t e r  (MM) c a l c u l a t i o n  formula:  
P y r i t i c  S i n  Coal + 0.8 CO, i n  Coal - 1.1 x % SO, i n  Ash + % SO, i n  Coal + 0.5 
x % C1 i n  Coal. 

These formulas have been d e r i v e d  from accu ra te  s t o i c h i o m e t r i c  r e l a t i o n s  con- 
s i d e r i n g  decomposit ion o f  hydrated m ine ra l s ,  o x i d a t i o n  and format ion o f  FezOBfrom 
FeS2, e t c .  The s t o i c h i o m e t r y  and accuracy o f  Minera l  Ma t te r  Eva lua t i on  can be 
f u r t h e r  improved by r e c o n s t i t u t i n g  t h e  main m i n e r a l s  based on t h e  a n a l y s i s  o f  ash. 
These a r e  k a o l i n i t e ,  A1,0,.2Si02.2H,0, and p y r i t e ,  FeS,, as shown by Rees ( 2 ) .  

The f o u r t h  column o f  Table 2 compares t h e  ash con ten ts  o f  t he  coals .  I n  our  
s tepwise approach t o  t h e  s t o i c h i o m e t r i c  i n t e r p r e t a t i o n  o f  coa l  ana lys i s ,  we have 
found improvement i f  we es t ima te  t h e  composi t ion o f  t h e  ash. Obviously t h i s  i s  
o n l y  an approx imat ion and, as p o i n t e d  o u t  b y  Given ( 5 ) ,  one should b e t t e r  use the  
DAF column where t h e  i n f l u e n c e  o f  t h e  m ine ra l  m a t t e r  content ,  s u l f u r ,  and ash i s  
f u r t h e r  minimized. One cou ld  assume accord ing t o  Par r  (21) t h a t  m ine ra l  ma t te r  
c o n t a i n s  about 8% H,O, o r  9% accord ing t o  King, e t  a1 (22), i n  which case o u r  c a l -  
c u l a t e d  oxygen by d i f f e r e n c e  should become somewhat lower  because oxygen o f  t h e  
water  of hyd ra t i on  i n  t h e  m ine ra l  m a t t e r  should a l s o  be subtracted.  Indeed, i n  
a l l  o u r  cases, we ob ta ined  a b e t t e r  agreement w i t h  determined oxygen if t h i s  i s  
done. A l l  o f  these c o a l s  have a r e l a t i v e l y  l ow  ash content ,  bu t  never the less,  
t he  o v e r a l l  e f fec t  i s  about  .5% l e s s  Oxygen. Tak ing s u l f u r  i n  ash i n t o  account 
should f u r t h e r  improve the  agreement. 
r e c a l c u l a t i o n  o f  ash acco rd ing  t o  t h e  m ine ra l  m a t t e r  formulas t o  check s to i ch iomet ry  
and balance t h e  sumnations. Oxygen de te rm ina t ion  g i v e s  us thus  impor tan t  informa- 
t i o n  i n  c h a r a c t e r i z i n g  coa ls .  
composit ion o r  o x i d a t i v e  behaviour .  Coals, where oxygen b y  d i f f e r e n c e  va lue 
c a l c u l a t e d  b y  s u b t r a c t i n g  n o t  t h e  whole ash b u t  o n l y  t h e  corresponding q u a n t i t y  
of oxygen c a l c u l a t e d  b y  t h e  P a r r  formula agrees c l o s e l y  w i t h  oxygen determined, 
where sumnations balance ou t ,  may be regarded as s u f f i c i e n t l y  character ized.  

% MM = 1.09 x % Ash + 0.5 x % 

Thus i n  many coa ls  one may need o n l y  a 

It may he lp  t o  p o i n t  o u t  r a p i d l y  any unusual m ine ra l  

I n  
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pyrite-sulfur-rich coals and coals w i t h  carbonates or unusual components, the 
more complex formula by King, e t  a1 ( 2 2 )  may be used. Where neither of these 
formulas produce a good balance, more detailed chemical work i s  indicated. 
pointed out by us before, oxygen analysis  i n  coal ash characterizes a l s o  the 
mineral matter and gives useful information on the total  of a l l  other const i tu-  
ents including S ,  C1, e t c . ,  i n  ash (13) .  

the mineral matter portion of coal. 
evaluate a re la t ive ly  minor segment of coal analysis  i n  order t o  achieve s t o i -  
chiometry as long as  a major const i tuent  -- oxygen -- remains undetermined. 
Obviously the coal chemists have done everything in  order t o  approach true 
stoichiometry and be able  t o  in te rpre t  the chemistry of coal and report  the 'ana l -  
yses i n  as  balanced a,form a s  possible. 

as  we have done, and furthermore, determining the oxygen content in ash should 
bring us closer  t o  the t rue stoichiometric interpretat ion of coal analysis. From 
the computer printouts of the 33 coals we have analyzed f o r  oxygen, we can see t h a t  
a s ingle  oxygen determination i n  a coal "As Received" qui te  accurately character izes  
the coal a s  t o  rank, and tha t  once the normal carbon t o  oxygen ra t ios  a r e  es tabl ish-  
ed f o r  a wide var ie ty  of coals, major deviations, due to  h i g h  pyri te-sulfur  content 
or  u n u s u a l  mineralogy can be eas i ly  spotted (see Figure 2 ) .  This plot  was obtained 
from the 33 recalculated coal analyses. 

As 

Considerable e f f o r t  has t h u s  been spent t o  in te rpre t  the ash and from i t  
One may ask why spend so much e f f o r t  to  

We propose, therefore, t h a t  adding d i r e c t  oxygen determination t o  coal analysis  

We d i s t i n g u i s h  stages or  s teps  of progressively more correct  approach t o  
stoichiometric quantitation and recalculation of coal analysis. The f i r s t  s tep  
i s  t o  analyze the "As Received" and "Oven Dried" coal a t  105OC f o r  oxygen and to  
estimate the oxygen i n  Ash based on former work (13,17), which shows t h a t  i n  a 
great  variety of normal coals, oxygen in ash var ies  between 44 and 48 weight per- 
cent. In 29 calculated analyses out of a to ta l  of 33 plot ted,  this assumption is 
indeed meaningful. 
Figure 1 and Table 3) ,  except f o r  coals with 2 t o  8% S.  

Secondly, When an actual oxygen analysis  on a s h  corresponding to  the coal 
analyzed i s  performed, the data should balance somewhat be t te r .  Any unusual devi- 
a t ions in the oxygen content of the h i g h  temperatue ash would then be a signal 
necessitating closer  scrutiny and checks of the type of mineral matter. This ap- 
proach provides a be t te r  approximation, giving us more information because actual 
accurate oxygen determination i n  coal ash furnishes us w i t h  an exact sum of the 
cations plus su l fur  and chlorine in t h a t  ash. 
meaningful summations will resu l t .  T h i s  work i s  in progress. 

e i ther  ca culate the mineral matter by the Parr formula ( 2 1 ) ,  o r  be t te r ,  by the 
King (22)  formula as  s ta ted above. 
sulfur  i n  coal in the f i r s t  case, and an analysis f o r  pyri te  su l fur ,  CO,, 51, and 
SO3 i n  coal, and so3 in ash and, if the content of kaol ini te ,  pyri te  and Si02 is  
t o  be calculated, a lso an analysis  of ash f o r  Alto3, SiO,, and S. 

Because such a chemical approach i s  time consuming, and not en t i re ly  sa t i s fac-  
tory, one may f o r  our purposes be t te r  determine the Mineral Matter by preparing 
the so-called Low Temperature Ash  (LTA) from the coal as  proposed by Gluskoter in 
1965 (23) and used by O'Gorman and Walker in  1971 (24) and fur ther  refined by 
Fraser and Belcher i n  1972 (25) and Kinson and Belcher i n  1975 (26). This method 
consis ts  of radio frequency ashing of coal a t  temperatures of 1000 t o  15OoC and 
appears to  give resu l t s  which a r e  perhaps the c loses t  approximation t o  the t rue 
Mineral Matter i n  coal on "As Received" or "Dry" basis .  Mineralogy of LTA ash has 
been recently (1976) studied by Mitchell and Gluskoter (27) .  

Reasonably good summations and balances a r e  so obtained (see 

This means t h a t  better and more 

Thirfly, to  proceed fur ther  toward y e t  bet ter  stoichiometric balance, one can 

For this, however, one needs to  determine total  

An analysis  of oxygen 
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FIGURE I. PLOT SHOWING INCREASES AND DECREASES OF OXYGEN IN 33 
COALS WHEN ORYING AT 105 'C.  % 0 DRY COAL MINUS % 0 AS 
RECEIVED COAL. NOTE SULFUR-RICH SAMPLES. 
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FIGURE 2 .  OIC PLOT OF 33 COALS ON "AS RECEIVED" BASIS USING 
OXYGEN VALUES DETERMINED BY FNAA, AND"BY DtFF". 
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i n  Low Temperature Ash has been performed by us on two samples (13) ,  however, so 
f a r  we have not been able  t o  obtain the corresponding coals. 
coals, since pyri te  i s  not oxidized during LTA procedure, the large e r ror  caused 
in the Oxygen by Difference estimation i n  a l l  columns f o r  the coals PSOC-325, PSOC- 
319, K-54517, in Table 3 ,  would be minimized, i f  oxygen were determined d i rec t ly  
i n  LTA ash. A s imilar  approach has been taken by Hamrin, e t  a1 i n  1975 (7) .  
Assuming t h a t  the minerals i n  coal a r e  not destroyed by radio frequency heating, 
t h i s  approach i f  combined w i t h  oxygen analysis  i n  coal on " A s  Received",,and "Oven 
Dried" basis as done by us may be the best  way of determining the t rue 
Oxygen" i n  coal. 
, t o  fur ther  investigate this question. 

the ASTM Standard D 3180 reporting in sulfur-and mineral-matter-rich coals  and 
propose the use of the Bri t ish Standard 1016 Part 16 corrected procedure which 
distinguishes organic su l fur  and recalculates  the percentage of pyri te  i n  mineral 
matter based on the pyri te  sulfur .  This i s  a be t te r  approach stoichiometrically 
a s  can be seen from the comparison o f  data given by these authors ( ib id  p.32). 
We have used a t  t h i s  s tage the ASTM Method (see Table 3) which reports the to ta l  
sulfur  subtracting i t  from hundred on the "Dry" basis. We find t h a t  t h e  "Oxygen 
by Difference" value i f  calculated by the British Standard Method adopted by the 
Pennsylvania S ta te  University agrees indeed much bet ter  w i t h  our determined values 
f o r  oxygen. Therefore, where data on the type of sulfur  were avai lable ,  we have 
distinguished organic su l fur  and included i t  i n  the  DAF column, but have excluded 
the su l fa te  and pyri te  sulfur  i n  coal. We rea l ize  t h a t  even this approach i s  not 
fu l ly  sat isfactory and intend t o  introduce the exact procedure recommended by Given. 

In Table 3 we have compiled our data based on Pennstate data on DAF basis. 
Twenty-five analyses of coals not reported by us elsewhere are  given. The coals 
a re  plotted i n  sequence based on increasing Fixed Carbon content. To save space, 
information on Moisture as  or ig ina l ly  reported, and a s  determined by us ,  as  well 
as  the percent Ash  as  reported on "As Received" basis are given i n  parentheses 
under Proximate Analysis, b u t  do not f igure i n  summations. These data permit the 
reader familiar w i t h  coal analysis and c lass i f ica t ion  to  make meaningful compari- 
sons. The varying ash content i s  a l so  an important c r i te r ion  of accuracy expected 
i n  comparison of "oxygen by difference" w i t h  actual "oxygen determined", especial - 
ly  in sulfur-rich coals. 
available i s  given also i n  parentheses, but not sumed, because, as one can see 
i n  coals PSOC-325, K-54517, PSOC-137 and PSOC-319, our method permits one t o  
estimate the approximate sulfur  content based on summations. 
of sulfur  i n  carbonate-rich coal's ash (13). 

with determined oxygen i n  a l l  coals t h a t  do not contain sulfur .  
ash content but low su l fur  a l so  tend t o  balance reasonably well (see 
Low ash coals in general give be t te r  summations (as  expected) than high ash coals. 
The  presence of high sulfur  masks the e f f e c t  of high ash and causes low summations 
i f  oxygen i s  determined. Good agreement between "oxygen by difference" and deter- 
mined oxygen f o r  "As Received" and "Dried" coal seems t o  indicate a well balanced 
analysis and minimal oxidation e f f e c t s  upon drying. Differences in the two deter-  
mined oxygen categories tend t o  be mostly due t o  oxidation and evolution of other  
gases than H,O, and, therefore, also point toward an erroneous Moisture determina- 
t ion due t o  the canceling e f f e c t  of oxidation when based on weight loss .  

though reported a s  other" or  "sulf ide"  su l fur  i s  in some way bound t o  the coal 
molecule with the sulfur  replacing oxygen. A par t  of the "inorganic su l fur"  
appears t o  compete for  oxygen s i t e s  i n  coal i n  some way because a l l  sulfur-r ich 
coals analyzed show re la t ive ly  much lower determined oxygen concentration in the 

In su l f ide  r ich 

Organic 
We a r e  now ins ta l l ing  the necessary equipment i n  order t o  be able  

Given and Yarzab (pp .  31-33) (5)  have i n  1976 emphasized the inadequacy of 

In the Ultimate Analysis columns "Other Sulfur" when 

Note the retention 

I t  can be seen t h a t  "oxygen by difference" on DAF basis agrees reasonably well 
Coals w i t h  high 

PSOC-106). 

The data on su1,fur-rich coals seem t o  indicate  t h a t  much of the su l fur ,  even 

17 
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OAF column than other  normal coals. 
help to  evaluate the role  of "Organic Oxygen" and "Organic Sulfur" i n  coal. 
have s tar ted recalculations based on the Parr formula and the King formula t o  
simulate the mineral matter c loser  in order to  correct  the DAF column f o r  the e f -  
f e c t  of the additional oxygen associated with the hydrated portion of minerals. 
Such correction increases the proportion of C and N, and decreases somewhat the 
oxygen by difference values (as  well a s  hydrogen). When this  i s  done, more ac- 
curate "Sulfur by Difference" values can then be estimated from summations i n  
Table 3 .  Thus, accurate oxygen determination permits us t o  estimate approximately 
the to ta l  sulfur  when other  components routinely determined in coal analysis  a r e  
known. Oxygen determination in ash a l so  aids  in this case substant ia l ly ,  because 
i f  i t  i s  lower than the regular content (46 r 2% 0) considerable su l fur  or heavy 
constituents in ash may be indicated. 

T h u s ,  our method when fur ther  developed may 
We 

This work is supported by Contract E(04-3)-34-241 and E(11-1)-2898, U.S. 
Energy Research and Development Administration. 
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NEUTRON-GAMMA TEQEiIQUES FOR ON-STREAM ANALYSIS OF COAL 

J. R. Rhodes 

Columbia S c i e n t i f i c  I n d u s t r i e s ,  P. 0. Box 9908, Aust in ,  Texas 78766 

Rapid a n a l y s i s  of c o a l  i s  requi red  during buying and s e l l i n g  and f o r  process  con- 
t r o l  of coa l  p r e p a r a t i o n  p l a n t s ,  coal-burning power s t a t i o n s  and c o a l  conversion 
p l a n t s .  Modem process  c o n t r o l  i s  concerned n o t  only with opt imiza t ion  of process  
parameters but  a l s o  w i t h  minimizat ion of  environmental  p o l l u t i o n .  The components 
whose determinat ion is most o f t e n  needed are c a l o r i f i c  v a l u e ,  t o t a l  a s h ,  mois ture  
conten t  and s u l f u r  content .  Other important  components inc lude  ash  f u s i b i l i t y ,  
b o i l e r  f o u l i n g  index ,  ash e l e c t r i c a l  c o n d u c t i v i t y ,  and n i t r o g e n ,  c h l o r i n e  and a l k a l i  
metals conten ts .  

Process  c o n t r o l  r e q u i r e s  t h a t  the a n a l y t i c a l  r e s u l t  be a v a i l a b l e  w i t h i n  t h e  re- 
sponse t i m e  of t h e  process  b e i n g  c o n t r o l l e d .  For the  bulk s o l i d s  cons idered  h e r e ,  
such times are usua l ly  in t h e  range 5 t o  50 minutes. Thus, any a n a l y s i s  method, 
however r a p i d ,  is r u l e d  out  i f  i t  r e q u i r e s  sampling and sample p r e p a r a t i o n  times 
longer  than  t h i s .  Neutron-gamma techniques are non-des t ruc t ive ,  non-contact ,  i n s t r u -  
mental methods f o r  e lementa l  a n a l y s i s  of s o l i d s  and l i q u i d s .  They are unique i n  t h a t  
the  analyzed sample v o l u ~ l ~  can be of t h e  o r d e r  of  30 c m  cube. This is because t h e  
mean f r e e  pa ths  of t h e  i n c i d e n t  neutrons and e x c i t e d  c h a r a c t e r i s t i c  gamma r a y s  i n  
s o l i d s  and l i q u i d s  have t h a t  order  of magnitude. Coal samples of  these  dimensions 
can have m a x i m u m  p a r t i c l e  s i z e s  of up t o  1 t o  2 c m  and s t i l l  be " representa t ive" .  
Therefore  sample p r e p a r a t i o n ,  i f  necessary  a t  a l l ,  need only take a few minutes .  I n  
a d d i t i o n ,  t h e  methods are amenable t o  continuous a n a l y s i s  o f  moving material. Thus even 
l a r g e r  amounts of coa l  can b e  scanned dur ing  a given measurement time wi th  consequent 
improvement of "sampling statistics". 

Since t h e s e  methods are s p e c i f i c  t o  e l e n e n t s ,  s a t i s f a c t o r y  c o r r e l a t i o n  m u s t  b e  
assumed o r  proved between t h e  d e s i r e d  components and t h e  elements  determined. 
Obviously t h e r e  i s  no problem w i t h  e l e m e n t a l  components such as s u l f u r ,  n i t r o g e n  and 
ch lor ine .  C a l o r i f i c  va lue  is w e l l  cor re la ted ,  wi th  carbon and hydrogen content .  (1) 
Ash content  i s  c o r r e l a t e d  w i t h  t h e  concent ra t ions  of t h e  ash-forming elements, t h e  
major ones of which are Al and Si.(') 
r a t i o  which i s  a func t ion  of  t h e  b a s i c  and a c i d i c  oxides  of the  ash-forming elements  
(Al2O3, SiO2, CaO, Na20,  K 2 0  and t o  a l e s s e r  e x t e n t  M g O  and FeO,) . Moisture  i s  cor- 
r e l a t e d  wi th  hydrogen as long as t h e  C/H r a t i o  of  the p a r t i c u l a r  c o a l  remains cons tan t .  

Ash f u s i b i l i t y  is c o r r e l a t e d  w i t h  t h e  b a s i c i t y  

Ear ly  i n v e s t i g a t i o n s  o f  neutron-gamma methods concluded t h a t ,  f o r  most key 
ana lyses ,  a neut ron  genera tor  had t o  be  used as the  s o u r c e  and t h i s  w a s  n o t  considered 
p r a c t i c a l  f o r  p l a n t  condi t ions .  ( 3 , 4 )  
based on X-ray b a c k s c a t t e r i n g ,  and us ing  a small ,  s e a l e d  rad io iso tope  X-ray s o u r c e ,  
w a s  developed(3) and h a s  been i n  comnercial use f o r  about 10 years .  
X-ray method is l i m i t e d  t o  t o t a l  ash monitor ing and t h e  c o a l  m u s t  be  sampled, d r i e d  
and crushed t o  less than  about 5 nun p a r t i c l e  s i z e  b e f o r e  a n a l y s i s .  The a v a i l a b i l i t y  
i n  1967 of Cf-252 s e a l e d  rad io iso tope  neutron sources  rek indled  i n t e r e s t  i n  neutron-  
gamma methods and an on-stream s u l f u r  monitor(5) and moisture  meter(6) have now been 
developed t o  p l a n t  pro to type  e t a  e .  Other  f e a s i b i l i t y  s t u d i e s  f o r  mult ie lement  c o a l  

s t r i c t e d  t o  cons idera t ion  of  a s i n g l e  neutron-gamma method and have n o t  been a b l e  
t o  demonstrate f e a s i b i l i t y  f o r  a n a l y s i s  o f  more than a few of  the  v i ta l  e l e m n t s  
necessary f o r  proper  on-stream a n a l y s i s  of coal .  

Consequently an on-s tream coal-ash monitor  

However, t h e  

a n a l y s i s  have been c o n d ~ c t e d ( 7 - ~  8 ) b u t ,  t o  our  knowledge, they  have e a c h  been re- 

The s t u d i e s  r e p o r t e d  i n  t h i s  paper show t h a t  it is  p o s s i b l e  t o  determine essen- 
t i a l l y  all of the  major and $nor elements  i n  coa l  necessary f o r  process  c o n t r o l  by 
n o t  r e s t r i c t i n g  o n e s e l f  t o  a s i n g l e  neutron-gamma technique.  Furthermore,  t h e  
optimum n u c l e a r  r e a c t i o n  f o r  each element can then  be  chosen, so  reducing t h e  de-& 
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on t h e  gamma-ray d e t e c t o r  and e l e c t r o n i c s .  T h i s  i n  t u r n  makes p o s s i b l e  t h e  use of 
t h e  s i m p l e s t  and most p r a c t i c a b l e  ins t rumenta t ion  f o r  r e l i a b l e  p l a n t  o p e r a t i o n .  

NEUTRON-GAMMA METHODS AND INSTRUMENTATION 

Methods 

I n  neutron-gamma methods of a n a l y s i s  neut rons  from a s u i t a b l e  source  bombard 
t h e  sample, e x c i t i n g  n u c l e a r  t r a n s i t i o n s .  Exci ted  n u c l e a r  states decay a t  once wi th  
emission of  "prompt" gamma r a y s  whose e n e r g i e s  are c h a r a c t e r i s t i c  of t h e  e x c i t e d  
nuc leus  and whose i n t e n s i t i e s  are p r o p o r t i o n a l  t o  source  s t r e n g t h ,  element concen- 
t r a t i o n  and spec t rometer  e f f i c i e n c y ,  as i n  o t h e r  m t h o d s  o f  s p e c t r a l  a n a l y s i s .  I f  
the  sample and source  are s e p a r a t e d ,  the  prompt gama-ray emission s t o p s  b u t  
"delayed" o r  " a c t i v a t i o n "  g a m a  emission i s  u s u a l l y  s t i l l  present .  The i n t e n s i t y  
of the a c t i v a t i o n  gamma rays i s ,  as b e f o r e ,  p r o p o r t i o n a l  t o  e l e m n t  concent ra t ion  
b u t  a l s o  f a l l s  o f f  e x p o n e n t i a l l y  w i t h  t i m e  according t o  the  h a l f - l i f e  of the  pro- 
duct  nucleus.  The i n c i d e n t  neut rons  can have any energy from s e v e r a l  M e V  (" fas t"  
neut rons)  t o  less than  0 . 1  e V  ("thermal" n e u t r o n s ) .  Fas t  neut rons  e x c i t e  several 
u s e f u l  r e a c t i o n s  and thermal  neut rons  e x c i t e  s e v e r a l  o thers .  So i n  p r a c t i c e  w e  can 
speak of  f o u r  types of neutron-gama a n a l y s i s :  (1) f a s t  neutron-prompt gamma; 
( 2 )  f a s t  neut ron  a c t i v a t i o n ;  (3) thermal  neutron-prompt g a m a ;  and ( 4 )  thermal  
neut ron  a c t i v a t i o n .  

Although the c ross  s e c t i o n s  f o r  producing prompt gamma rays  are r e l a t i v e l y  h i g h ,  
y i e l d i n g  l a r g e  s i g n a l s ,  t h e i r  de tec t ion  m u s t  t a k e  p l a c e  i n  t h e  presence  of a h igh  
backgromd from t h e  nearby  neut ron  source.  
ray a n a l y s i s  system i s ,  t h e r e f o r e ,  a compromise between h igh  d e t e c t o r  background and 
geometr ica l  l o s s e s  due t o  the  bulky neut ron  and gamma-ray s h i e l d i n g  requi red .  
main advantage of  neut ron  a c t i v a t i o n  is  t h a t  t h e  source  and sample can b e  s e p a r a t e d ,  
enabl ing  the s i g n a l  t o  b e  measured at low background. 
are a l s o  l e s s  complex. The cross s e c t i o n s  f o r  a c t i v a t i o n  gamma emission are 
g e n e r a l l y  lower than t h o s e  f o r  prompt gamma emission but  the much l a v e r  background 
outweighs this, r e s u l t i n g  in a c t i v a t i o n  o f t e n  be ing  t h e  p r e f e r r e d  r e a c t i o n  i f  a 
choice  exists. Table  I l i s t s  t h e  main c h a r a c t e r i s t i c s  of the p r e f e r r e d  methods f o r  
a n a l y s i s  of t h e  important  e lements  i n  coa l .  

Ins t rumenta t ion  

The design o f  a p r a c t i c a l  prompt gamma- 

The 

Act iva t ion  gamma s p e c t r a  

A neutron-gamma a n a l y z e r  c o n s i s t s  e s s e n t i a l l y  of a neut ron  source ,  a gamma-ray 
spec t rometer  and a sample p r e s e n t a t i o n  system. I n s t r u n e n t a t i o n  s u i t a b l e  f o r  in -p lan t  
opera t ion  m u s t  be ruggedly cons t ruc ted  and packaged, and m u s t  be  capable  of opera t ing  
r e l i a b l y  over  long  p e r i o d s ,  unat tended.  
s i b l e ,  use s o l i d  s t a t e  c i r c u i t r y  i n  p r e f e r e n c e  t o  vacuum tubes ,  have the minimum 
nunber  of moving p a r t s ,  avoid vacuum systems and u l t ra -h igh  v o l t a g e s ,  and o p e r a t e  
wi thout  the need f o r  s p e c i a l  s u p p l i e s  such as l i q u i d  n i t r o g e n ,  cool ing  w a t e r  and 
compressed air. 

I t  should ,  t h e r e f o r e ,  be  as s imple  as pos- 

Three types  of n e u t r o n  source  e x i s t ,  n u c l e a r  r e a c t o r s ,  neut ron  genera tor  tubes 
and rad io iso tope  sources .  Radioisotope s o u r c e s  have advantages of small s i z e ,  
rugged,  s o l i d  s t a t e  c o n s t r u c t i o n  and s t a b i l i t y  of ou tput .  However, t h e i r  s t e a d y  
decay has  t o  be c o r r e c t e d  f o r  and forces  renewal a f t e r  about two h a l f - l i v e s .  Also 
they cannot be " turned  o f f "  and they provide a p o t e n t i a l  r a d i o a c t i v e  contamination 
hazard  i n  t h e  event  of an acc ident .  
dropped 20,000 f e e t  down a borehole  and f i s h e d  o u t  wi thout  developing r a d i o a c t i v i t y  
leaks, we f e e l  t h a t  t h e  combined p r o b a b i l i t y  o f  an acc ident  p l u s  s e r i o u s  contamina- 
t i o n  is very low. Since i t  w i l l  be  shown t h a t  the  requi red  ana lyses  can be performed 
using r e l a t i v e l y  l o w  n e u t r o n  outputs  (< lOg/sec) t h e  need t o  " turn of f"  t h e  sources  
d o e s n ' t  a r i s e .  
s o u r c e s  of t h i s  s t r e n g t h  and they can be handled f o r  s h o r t  per iods  w i t h o u t  any 
s h i e l d i n g ,  us ing  the p r o p e r  t o o l s .  

Since Cf-252 sources  have wi ths tood  b e i n g  

Only 1 o r  2 f e e t  of b i o l o g i c a l  s h i e l d i n g  i s  r e q u i r e d  f o r  neut ron  

As f o r  t h e  r a d i o a c t i v i t y  induced i n  t h e  sample 
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Element 

Hydrogen 
Carbon 
Nitrogen 

sodium 

Aluminum 

S i l i c o n  

S u l f u r  

Chlorine 

Potassium 

Calcium 
Titanium 
Manganese 

I r o n  

TABLE 1 

PREFERRED NUCLEAR REAClTONS FOR IMPORTANT ELEMENTS I N  COAL 

Main 
Threshold Gal l l lM 

React ion Energy (MeV) Half L i f e  
Nuclear  Neutron Energies  

Thermal 
4.8 MeV 
Thermal 
3.75 *v 
Thermal 
1.9 Fkv 
Thermal 
3.96 &V 
1.9  *v 
Thermal 
Thermal 
Thermal 
Nat u r a l  

Radioac t iv i ty  
Thermal 
Thermal 
Thermal 
Thermal 
0.86 FkV 

2.23 
4.43 

10 .83  ,lo. 32 
0.44 

1.37.2.75 
0.84 ,l. 0 1  

1. 78 
1.78 
1.78 
5.42 
6.11 

1.64 and 2.17 
1.46 

3.1 
0.32.0.93 

0.85 J. 81,2 .1  
7.63 
0.84 

Prompt 
Prompt 
Prompt 
38 s e c  

15.0 h r s  
9 .5  min 
2 . 3 1  min 
2.31 min 
Prompt 
Prompt 
Prompt 

37.3 min 
1.3 x lo9 y r  

8.9 min 
5.8  min 
2.58 h r s  
Prompt 
Prompt 

by neut ron  i r r a d i a t i o n ,  i t  is both  s h o r t - l i v e d  and completely n e g l i g i b l e ,  be ing  a 
few orders  of  magnitude lower than  can be  d e t e c t e d  by a dose rate meter and of the  
same magnitude as n a t u r a l  K40 r a d i o a c t i v i t y .  Two sources were used i n  t h e  p r e s e n t  
s t u d y ,  a 38 C i  Pu238-Be f a s t  neutron s o u r c e  ( h a l f - l i f e  86 y r s )  and a moderated, 
100 lig Cf252 thermal  neut ron  source  ( h a l f  l i f e  2.6 y r s ) .  

which c o n s i s t s  e s s e n t i a l l y  of an ene igy-d ispers ive  gamma-ray d e t e c t o r ,  HV supply ,  
pu lse  a m p l i f i e r s ,  an ana log- to-d ig i ta l  c o n v e r t e r ,  and a mul t ichannel  ana lyzer  w i t h  
microcomputer f o r  s p e c t r m  a c q u i s i t i o n  and d a t a  a n a l y s i s .  High r e s o l u t i o n ,  l i q u i d  
n i t rogen  cooled Ge(Li) gamna-ray d e t e c t o r s  have been  proposed f o r  coa l  a n a l y s i s  and 
can reso lve  even t h e  most crowded g a m a  s p e c t r a .  However, t h e s e  d e t e c t o r s  a r e  re la -  
t i v e l y  e a s i l y  and permanently damaged by neut ron  absorp t ion  or loss of c ryogenic  
cooling. 
than t h a t  of the  more rugged NaI(T1) d e t e c t o r  and they cannot o p e r a t e  at count r a t e s  
above about 1 0 4 / s e c  wi thout  s e v e r e  r e s o l u t i o n  degredat ion or s i g n a l  l o s s e s  due t o  
dead t ime.  S c i n t i l l a t i o n  counters  using NaI(T1) c r y s t a l s  (or CsI(Na), CsI(T1) , 
CaF2(Eu), e t c . )  do n o t  r e q u i r e  cool ing o r  vacuum and a r e  a v a i l a b l e  i n  l a r g e  s i z e s  
s u i t a b l e  f o r  e f f i c i e n t  gamma-ray d e t e c t i o n .  They can opera te  a t  count r a t e s  up t o  
about 105/sec wi thout  s p e c i a l  e l e c t r o n i c s  (106/sec wi th  s p e c i a l  e l e c t r o n i c s ) .  
a r e  l i t t l e  a f f e c t e d  by neut rons  and t h e  e f f e c t s  ( induced r a d i o a c t i v i t y )  a r e  rever- 
s i b l e  and do not  s e r i o u s l y  h i n d e r  opera t ion .  The c r y s t a l - p h o t o m u l t i p l i e r  assembly 
must be temperature  c o n t r o l l e d  t o  about 2 l 0 C  and n o t  s u b j e c t e d  t o  thermal  shock. 
The gamma-ray energy r e s o l u t i o n  ( i n  t h e  range 5 t o  8%) 
t o  r e s o l v e  most gamma e n e r g i e s  of i n t e r e s t .  All t h e  experiments  r e p o r t e d  h e r e  were 
conducted w i t h  a NaI(T1) d e t e c t o r  and s t a n d a r d  e l e c t r o n i c s ,  a schematic  of which is 
shown i n  F igure  1. Figure  2 shows a schematic  of one measuring head i n d i c a t i n g  the  
r e l a t i v e  p o s i t i o n  of s o u r c e ,  sample,  d e t e c t o r  and s h i e l d i n g .  
graph of a t y p i c a l  measuring head  and the  e l e c t r o n i c  system s u i t a b l e  fo r  o p e r a t i n g  
t h r e e  such heads. A minimum of  t h r e e  heads would b e  requi red  i f  a l l  four neutron-  
gamma techniques were needed f o r  a p a r t i c u l a r  mult ie lement  a n a l y s i s .  

The second major component of an a n a l y s i s  system is t h e  gamma-ray spec t rometer  

Also t h e i r  gamma-ray d e t e c t i o n  e f f i c i e n c y  i s  an order  of magnitude lowef 

They 

i s  adequate  

Figure 3 shows a photo- 
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The sample p r e s e n t a t i o n  used i n  t h i s  s tudy  c o n s i s t e d  of  the manual placement of 
20 Kg samples ( i n  28  i n .  d ia .  c y l i n d r i c a l  h o l d e r s ) .  A cont inuous p r e s e n t a t i o n  system 
would c o n s i s t  05 a means of  t r a n s p o r t i n g  a stream of coa l  having wel l -def ined dimen- 
s i o n s  (% 30 cm x % 30 cm cross  s e c t i o n )  p a s t  t h e  measuring heads at approldmately 5 t o  
50 cm/sec. The c o a l  stream could be  enclosed s u i t a b l y  (e .g . ,  i n  a s h e e t  m e t a l  tunnel)  
s i n c e  the i n c i d e n t  neut rons  and emi t ted  g a m a  r a y s  e a s i l y  p e n e t r a t e  t h i n  engineer ing 
materials. Representa t ive  sampling and s p l i t t i n g  t h e  prima p l a n t  streams to  y i e l d  
such an a n a l y t i c a l  s t r e a m  is  r o u t i n e  i n  coa l  engineer ing . ( J  

EXPERIMENTAL RESULTS AND DISCUSSION 

S e n s i t i v i t y  s t u d i e s  w e r e  made using s imula ted  coa l  samples c o n s i s t i n g  of s u g a r  
sp iked  wi th  (1) MgO + SiOz, (2 )  Fez03 + S ,  (3) Na2S04 + Al2O3, (4) Cam3 + NH4 NO3. 
I n  a d d i t i o n  unspiked sugar  and a sample of -1/2 i n .  bituminous coal. were examined. 
A l l  t h e  samples were measured using each of t h e  f o u r  neutron-gamma methods. 
gama-ray s p e c t r a  obta ined  w e r e  r e l a t i v e l y  simple and comprised a few prominent ,  well- 
reso lved  peaks. Thus d a t a  a n a l y s i s  cons is ted  s imply of i n t e g r a t i n g  each peak and 
s u b t r a c t i n g  background measured i n  a group of ad jacent  channels .  
the r e s u l t s .  The neutron-gamma method used in each case i s  l i s t e d  along wi th  t h e  
s e n s i t i v i t y  obta ined .  
coa ls  a re  given. It  is  seen  t h a t  t h e  s e n s i t i v i t i e s  obtained are adequate f o r  a l l  
the  elements t e s t e d .  

All the 

Table I1 summarizes 

Also,  t y p i c a l  concent ra t ion  ranges f o r  these  elements i n  U.S. 

TABLE I1 

PRELIMINARY RESULTS OF SIMLKATED COAL ANALYSIS 

Concentrat ion Gamma-Ray Wasurement 
Range i n  I 4  thod Energy T i m e  S e n s i t i v i t y  

Element U.S. Coals Used ( W V )  Source ( sec)  (1 Std .  kv.) 

H % 5% 

C 65-75% 

N % 2% 

Na 0.01-0.2% 

Thermal n .  2 .23 Cf-252 500 0.01% H 
Prompt y 
Fas t  n .  4.43 PwBe 500 0.2% c 
Prompt y 
Thermal n .  10.32, Cf-252 500 0.1% N 
Prompt y 10.83 
Na23(n,y)NaZ4 2.75 Cf-252 300 + 300* 0.01% Na 
Thermal n. ac tn  

Al 0.6-2.5% Al27(n,y)AlZ8 1.78 Cf-252 300 + 300* 0.003% Al 
Thermal n .  ac tn  

S i  1-62 Si28(n ,p)A128 1 .78  Pu-Be 300 + %ox 0.05% Si 
F a s t  n. actn 

S 0.2-7% Thermal n .  5.42 Cf-252 50 0 0.03% S 
Prompt y 

Ca 0.1- 1.8% Ca48 (n ,y) Ca49 
Thermal n .  act" 3.09 Cf-252 300 4- 300" 0.1% Ca 

Fe 0 . 4 - 3  Thermal n .  7.63 Cf-252 500 0.1% Fe 
Prompt y 

Neutron-gama techniques  y i e l d  l i n e a r  c a l i b r a t i o n s  of ganrma peak area v s  element 
concent ra t ion  from the  d e t e c t i o n  l i m i t  t o  100%. This  and o t h e r  work wi th  the same 
equipm?nt( l2)  showed t h a t  he te rogenei ty  and m a t r i x  absorp t ion  e f f e c t s ,  common i n  other  

neutron absorp t ion  caused by i n c r e a s i n g  hydrogen content  of  t h e  sample. The e f f e c t  
is propor t iona l  t o  the  2.23 MeV H peak area, and monitor ing t h a t  peak can y i e l d  a 
s a t i s f a c t o r y  c o r r e c t i o n .  A l t e r n a t i v e l y ,  i t  is  p o s s i b l e  t o  monitor  t h e  thermal  neutron 
flu i n  t h e  sample. 

! 
' i n s t r e n t a l  a n a l y s i s  techniques ,  w e r e  n e g l i g i b l e .  One except ion  t o  t h i s  is  thermal 

*Activat ion t i r e  p l u s  count ing t i m e .  
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The only o t h e r  i n t e r f e r e n c e s  found were peak over laps  i n  t h e  gamma-ray s p e c t r a .  
These a r e  all r e a d i l y  r e s o l v e d  and p r e s e n t  work i s  concent ra ted  on f i n d i n g  the  simplest 
methods t o  do this. W e  have s h m  t h a t  one such i n t e r f e r e n c e ,  between A l  and S i ,  is  
re olved  by us ing  two neut ron-gama techniques.  Al and S i  a c t i v a t e  to  the same i so tope ,  
Alg8, s o  t h a t  n e i t h e r  g a m a  energy n o r  tin? r e s o l u t i o n  can be used t o  d i s c r i m i n a t e  
between t h e  s i g n a l s .  
d i f f e r e n t  s o u r c e s ,  o f  s i m i l a r  samples. In one case f a s t  neut rons  p r e f e r e n t i a l l y  e x c i t e  
S i  and i n  t h e  second,  thermal  neut rons  p r e f e r e n t i a l l y  e x c i t e  Al. Solu t ion  of a p a i r  
of s imultaneous,  l i n e a r  equat ions  provides  a c c u r a t e  A 1  and S i  concent ra t ions .  I n  o t h e r  
interfelencffi, f o r  example,W on A l ,  S i  a n d  C 1 ,  Ca on Na, t h e  i n t e r f e r i n g  s p e c i e s  emits 
o t h e r  g a m a  rays  w i t h  a f i x e d  i n t e n s i t y  r a t i o  t o  the i n t e r f e r i n g  one. Measurement of 
t h e  i n t e n s i t y  r a t i o ,  which i s  an i n s t r m e n t a l  c o n s t a n t ,  and t h e  i n t e n s i t y  of t h e  re- 
s o l v e d  l i n e s  i s  a s t r a i g h t f o r w a r d  way t o  c o r r e c t  f o r  t h i s  type of i n t e r f e r e n c e .  A 
microprocessor-based c a l c u l a t o r  i n t e r f a c e d  t o  t h e  mult ichannel  ana lyzer  then provides  
a ready method f o r  s o l v i n g  the  l i n e a r  equat ions  and y i e l d i n g  concent ra t ion  d a t a  s u i t a b l e  
f o r  d i r e c t  d i g i t a l  readout  and p l a n t  cont ro l .  

by The d u a l  s o u r c e  t e c h n i q u e ( l 3 )  uses  two s e p a r a t e  i r r a d i a t i o n s ,  
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ASTM Committee D-5 on Coal and Coke is r e s p o n s i b l e  f o r  development o f  
s p e c i f i c a t i o n s  f o r  c o a l  and f o r  coke produced from c o a l ;  t h e  development of methods 
of  sampling, a n a l y s i s ,  and t e s t i n g ;  the  development of s p e c i f i c a t i o n s  f o r  c l a s s i f i -  
c a t i o n  of c o a l s  on t h e  b a s i s  of  chemical and p h y s i c a l  c h a r a c t e r i s t i c s ;  t h e  s tandard-  
i z a t i o n  of terminology;  and t h e  promotion of r e s e a r c h  and disseminat ion of  knowledge 
i n  these  f i e l d s .  The work of t h e  committee i s  co-ordinated wi th  o t h e r  ASTM cormnit- 
tees and o t h e r  o r g a n i z a t i o n s  having common i n t e r e s t s .  

The committee i s  made up of producers ,  users  and those  whose g e n e r a l  i n t e r -  
ests a r e  i n  c o a l  a s  a resource  and i t s  u t i l i z a t i o n .  The s tandards  produced by t h e  
committee r e f l e c t  t h i s  ba lance  of  membership. 
to-date  i n  t h e  opin ion  of  those  who use them, the Socie ty  d i c t a t e s  t h a t  a l l  s tandards  
must be reviewed every f i v e  y e a r s  and, i f  they a r e  n e i t h e r  reapproved n o r  r e v i s e d ,  
they must b e  withdrawn a s  s tandards .  To f u r t h e r  ensure  t h a t  modern s t a n d a r d s  are 
a v a i l a b l e  when requi red ,  an ad hoc task  group is appointed by t h e  committee a t  regu- 
lar  i n t e r v a l s  t o  s tudy  e x i s t i n g  s t a n d a r d s ,  t o  c r i t i c a l l y  e v a l u a t e  them i n  t h e  l i g h t  
of c u r r e n t  usage and t o  recommend t h e  needed changes. The task  group may a l s o  sug- 
g e s t  the  s t a n d a r d i z a t i o n  of  tests necessary  t o  coal-conversion processes  such as 
g a s i f i c a t i o n  and l i q u e f a c t i o n .  

To ensure  t h a t  s tandards  a r e  k e p t  up- 

ASTM Standards f o r  c o a l  and coke have never  been s t a t i c ,  nor  are they  con- 
s i d e r e d  t o  be  t h e  l a s t  word; they  a r e ,  however, t h e  b e s t  a v a i l a b l e  a t  t h e  t i m e .  
Revis ions t o  e x i s t i n g  methods a r e  made f r e q u e n t l y  w i t h i n  t h e  f ive-year  review p e r i o d .  
A l l  r e v i s i o n s  o t h e r  than those  of  an e d i t o r i a l  n a t u r e  must be  approved by let ter 
b a l l o t  of  t h e  committee b e f o r e  they a r e  accepted .  

A n a l y t i c a l  procedures  f o r  c o a l  and coke may be  divided i n t o  two groups: 
those  based on empir ica l  methods developed i n  t h e  e a r l y  y e a r s  of  t h i s  cen tury ,  and 
those  based on s t o i c h i o m e t r i c  chemical r e a c t i o n s .  Empir ical  test methods, such  a s  
moisture ,  a s h  and v o l a t i l e  m a t t e r ,  were developed i n  t h e  i n d u s t r y  t o  f u l f i l  a com- 
merc ia l  need and f i n a l l y  they became s t a n d a r d s .  These t e s t s  remain much t h e  same 
today a s  when they were adopted 60 o r  70 y e a r s  ago. Using these  tests, a cons ider -  
a b l e  bank of d a t a  has  been accumulated, which can b e  compared wi th  c u r r e n t  a n a l y s e s  
c a r r i e d  out  by e s s e n t i a l l y  t h e  same methods. 

On t h e  o t h e r  hand Standard methods based on s t o i c h i o m e t r i c  r e a c t i o n s  have 
progressed r a p i d l y  i n  the  p a s t  1 0  t o  15 y e a r s .  Ash a n a l y s i s ,  i . e .  minera l  a n a l y s i s  
of c o a l  and coke ash  f o r  t h e  t e n  major c o n s t i t u e n t s ,  has  progressed from t h e  t i m e -  
consuming w e t  chemical procedures ,  through a combination of wet chemical, flame- 
photometr ic ,  and spec t rophotometr ic  methods which r e s u l t e d  i n  t h e  adopt ion  of  D 2795 
i n  1969. The l a t e s t  e d i t o r i a l  r e v i s i o n  w a s  i n  1975. I n  t h e  i n t e r v e n i n g  t i m e  i t  w a s  
r e a l i z e d  t h a t  b e t t e r  and less time-consuming methods were a v a i l a b l e  and work is w e l l  
advanced i n  developing an atomic-absorpt ion procedure us ing  a l i t h i u m  t e t r a - b o r a t e  
fus ion  technique.  The new method has  good p r e c i s i o n  and can be c a r r i e d  o u t  w i t h  
r e l a t i v e  speed. One o f  t h e  major d i f f i c u l t i e s  i n  t h i s  program has  been t h e  l a c k  o f  
s tandard  re ference  Samples f o r  t h e  major e lements  p r e s e n t  i n  coa l  ash .  S tandard  
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Reference Mater ia l s  f o r  t o t a l  s u l f u r  i n  c o a l ,  mercury i n  c o a l  and f ly-ash and 
s e v e r a l  o t h e r  t r a c e  elements  i n  coa l  and c o a l  ash  have been a v a i l a b l e  f o r  some time 
from t h e  Nat iona l  Bureau of Standards.  S teps  a r e  b e i n g  taken t o  r e q u e s t  NBS t o  
p r e p a r e  Standard Reference M a t e r i a l s  f o r  t h e  major e lements  i n  coa l  and c o a l  ash.  

Concern w i t h  t h e  environment and l a w s  governing t h e  l e v e l s  o f  a l lowable  
p o l l u t i o n  from t h e  use  o f  c o a l  have prompted the s t a n d a r d i z a t i o n  of a n a l y t i c a l  
methods f o r  t h e  de te rmina t ion  o f  t h e s e  p o l l u t a n t s .  
been developed by governmental agencies  and u n i v e r s i t i e s ,  u s i n g  a wide range of 
techniques .  The task  o f  f i l t e r i n g  o u t  the  b e s t  and most p r a c t i c a l  methods wi th  
r e f e r e n c e  to  c o a l  has  f a l l e n  on Committee D-5. Many of t h e  proposed methods r e q u i r e  
expensive and h i g h l y  s o p h i s t i c a t e d  ins t rumenta t ion .  W e  i n  ASTM f e e l  t h a t  an accept-  
a b l e  s tandard  method must b e  w i t h i n  t h e  f i n a n c i a l  reach  of those  expected t o  use  it. 
Very few l a b o r a t o r i e s  have t h e  c a p a b i l i t i e s  of c a r r y i n g  o u t  c e r t a i n  test methods 
because of  t h e  h igh  c o s t  of ins t rumenta t ion .  Atomic a b s o r p t i o n  spectrometry i s  now 
cons idered  q u i t e  comon on t h i s  cont inent ,  and i s  no longer  considered exot ic .  The 
p r i n c i p l e s  a r e  w e l l  e s t a b l i s h e d  and most l a b o r a t o r i e s  have opera t ing  experience.  
t h i s  assumption we f e e l  j u s t i f i e d  i n  s t a n d a r d i z i n g  methods us ing  t h i s  approach. We 
s t i l l  have r e s e r v a t i o n s  when i t  comes t o  t h e  s t a n d a r d i z a t i o n  of  methods based on 
X-ray f luorescence  (XRF), neut ron  a c t i v a t i o n  e t c .  There i s  no doubt t h a t  these  
methods w i l l  be  a c c e p t a b l e  i n  t h e  n e a r  f u t u r e  as techniques  improve and t h e  c o s t s  
come w i t h i n  t h e  reach of commercial l a b o r a t o r i e s .  

Many a n a l y t i c a l  methods have 

On 

Many new techniques  have been suggested f o r  c o a l  a n a l y s i s ;  one i s  t h e  
micro-determination of  carbon and hydrogen which has  proven t o  be  a v a l u a b l e  t o o l  i n  
r e s e a r c h  where t h e  amount o f  sample may be l i m i t e d  t o  a few mil l igrams.  The micro 
method requi res  t h a t  t h e  sample weight be i n  t h e  o r d e r  of 1 0  mi l l ig rams.  To e x t r a c t  
a r e p r e s e n t a t i v e  sample of t h a t  s i z e  from a l a b o r a t o r y  sample of  c o a l  (-0.250mm, C60 
U.S. Standard S ieve  o r  even -O.O74mm, #200 U.S.  Standard Sieve)  i s  d i f f i c u l t  i f  no t  
impossible .  A semi-micro technique  can probably b e  developed. 
method as descr ibed  i n  D 3178 w i l l  s u f f i c e  u n t i l  a new method i s  developed. 

However t h e  Lieb ig  

A semi-micro method f o r  t h e  de te rmina t ion  of  n i t r o g e n  i n  c o a l  is be ing  
s t u d i e d  a t  p r e s e n t .  A s  t h i s  procedure i s  f a s t e r  than t h e  Kje ldahlmethod,  r e q u i r e s  
l e s s  space  and i s  less c o s t l y ,  i t  i s  l i k e l y  t o  r e c e i v e  e a r l y  acceptance  as an a l t e r -  
n a t i v e  t o  D 3179. 

Many methods have been proposed f o r  the  de te rmina t ion  of s u l f u r  i n  c o a l  
and coke,  and to-date  only  a few have been found s u i t a b l e  f o r  s t a n d a r d i z a t i o n .  The 
b a s i c  method w i t h  which a l l  methods are u l t i m a t e l y  compared is t h e  Eschka Method. 
The Bomb-washing and t h e  High-temperature-combustion methods a r e  acceptab le  alter- 
n a t i v e s .  Combustion methods, u s i n g  i n d u c t i o n  or glow-bar-heated furnaces  t o  conver t  
the  s u l f u r  compounds to  SO have been examined and found t o  be unsui tab le  as s tandard  
methods. 
r e l i a b l e .  
dards  is advisable .  

I t  i s  r e p o r t e d  t i a t  newer des igns  of  t h i s  type  of  equipment are much more 
Experience i n d i c a t e s  t h a t  f requent  s t a n d a r d i z a t i o n  a g a i n s t  analysed s tan-  

Also w i t h  r e f e r e n c e  t o  s u l f u r  de te rmina t ions ,  improvements have been incor -  
pora ted  i n  t h e  method o f  determining p y r i t i c  s u l f u r  i n  c o a l .  I n  the  p r e s e n t  method, 
D 2492 Forms of S u l f u r ,  p y r i t i c  s u l f u r  i s  determined by e x t r a c t i n g  a weighed sample 
of c o a l  with d i l u t e  n i t r i c  a c i d  fol lowed by a t i t r a m e t r i c  de te rmina t ion  o f  i r o n  as a 
measure of p y r i t i c  s u l f u r .  Appropr ia te  c o r r e c t i o n s  a r e  made f o r  non-pyr i t ic  i r o n .  

A s  an a l t e r n a t i v e  procedure the  p y r i t i c  i r o n  may be determined by atomic 
absorp t ion .  

Over t h e  y e a r s  D-5 has  been p r e s e n t e d  with t h e  problem of developing a 

This  t a s k  has  been c a r r i e d  o u t  f o r  y e a r s  by time-consuming 

s tandard  to cover  c o a l  s t o c k p i l e  inventory  which i s  o f  concern t o  u t i l i t i e s  and o t h e r  
l a r g e  users  of c o a l .  
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measurement of the  p i l e  t o  determine i t s  volume a s  a c c u r a t e l y  a s  p o s s i b l e  fol lowed 
by an also-time-consuming sampling program t o  determine the  average d e n s i t y  of t h e  
Coal a t  vary ing  depths  i n  t h e  p i l e .  From these  measurements, which were rough a t  
b e s t ,  t h e  tonnage was c a l c u l a t e d .  We have now been asked by CAPCO (Cent ra l  Area 
Power Coordinat ing)  Group, t o  co-operate i n  t h e i r  program t o  develop a s tandard .  
This  group, some of whose members a r e  from D-5, a r e  s tudying  t h e  f e a s i b i l i t y  of t h e  
use of a n u c l e a r  probe and s c a l e r  which would o p e r a t e  on t h e  b a s i s  of gamma rad ia-  - 
t i o n  and r e f l e c t i o n  t o  accomplish t h e  requi red  measurements. A second approach 
under c o n s i d e r a t i o n  i s  t h e  use of a radio-echo device .  
r e c t l y  i n  the  development s t a g e s  b u t  w i l l  be i n t e r e s t e d  i n  s t a n d a r d i z a t i o n  when t h e  
necessary ins t rumenta t ion  is developed. 

D-5 cannot p a r t i c i p a t e  d i -  

D-5 has  an ash  a n a l y s i s  s tandard ,  and a s tandard  method f o r  t h e  prepara t ion  
We have now been requested t o  develop a method f o r  t h e  p r e p a r a t i o n  of an ash of  ash.  

( f ly-ash)  which is non-standard, t o  s i m u l a t e  ash  produced under pulver ized  f u e l  
burning c o n d i t i o n s .  
from t h a t  prepared under t h e  s tandard  condi t ions  s p e c i f i e d  i n  D 2795, i . e .  from room 
temperature  t o  5OO0C i n  one hour and 750°C i n  two hours ,  and f i n a l  y i g n i t e d  t o  con- 
s t a n t  weight a t  7 5 0 O C  i n  a w e l l - v e n t i l a t e d  muff le  furnace .  Ash produced under the  
condi t ions  p r e v a i l i n g  i n  a pu lver ized  f u e l  burning system would be s u b j e c t e d  t o  much 
h igher  temperatures ,  t h u s  causing t h e  v o l a t i l i z a t i o n  of e lements  such as sodium. It 
i s  a l so  t r u e  t h a t  some of  t h e s e  v o l a t i l e  c o n s t i t u e n t s  may recbmbine t o  varying de- 
grees ,  producing compounds n o t  normally found i n  t h e  s tandard  ash .  A group on t h e  
w e s t  c g a s t  has  asked f o r  our  co-operat ion i n  t h i s  p r o j e c t ,  which w i l l  involve  t h e  
ash ing  of a r e l a t i v e l y  l a r g e  sample of  c o a l  under s p e c i f i c  condi t ions .  The s p e c i f i c  
condi t ions  n e c e s s i t a t e  t h e  use  of a s p e c i a l l y  designed mini-furnace t o  burn the  c o a l  
i n  a pulver ized  form t o  produce the  s imula ted  ash.  The des ign  and c o n s t r u c t i o n  of 
t h e  furnace w i l l  be undertaken by t h i s  group. 

Ash produced under such condi t ions  would be v a s t l y  d i f f e r e n t  

t 

The group r e p r e s e n t i n g  u t i l i t i e s  and manufacturers  of e l e c t r o s t a t i c  precip-  
i t a t o r s  r e q u i r e  an ash  prepared i n  t h i s  manner s o  t h a t ,  when a chemical  a n a l y s i s ,  
r e s i s t i v i t y  measurements and o t h e r  tests a r e  made, t h e  d a t a  so  obta ined  can be cor-  
r e l a t e d  wi th  t h e  ash  ( f ly-ash)  present  i n  t h e  s t a c k  from which they a r e  a t tempt ing  
t o  remove the  p a r t i c u l a t e  emissions.  An ash  prepared by convent iona l  s tandard  methods 
does not  meet t h e s e  requirements .  

Fuel  c a l o r i m e t e r s  manufactured today a r e  h ighly  s o p h i s t i c a t e d  as compared 
t o  those i n  use i n  t h e  t h i r t i e s .  While thermometers may s t i l l  be used t o  measure 
temperature-r ise  they have i n  many i n s t a n c e s  been made super f luous  by t h e  i n t r o d u c t i o n  
of thermis te rs .  Most modern a d i a b a t i c  c a l o r i m e t e r s  have both,thermometers manufac- 
tu red  to  ASTM s t a n d a r d s  and t h e r m i s t e r s  wi th  d i g i t a l  read-out ,  and i n  some ins tances  
a pr in t -out  a t tachment  i s  added. The use of t h i s  modern i n s t r u m e n t a t i o n ,  whi le  not  
sanc t ioned  by ASTM, i s  found t o  be very  s a t i s f a c t o r y  i n  he lp ing  t o  e l i m i n a t e  t h e  
human element. 

The manual o p e r a t i o n  of t h e  co ld  - and hot-water v a l v e s  i n  an a d i a b a t i c  
c a l o r i m e t e r  has  been superseded by au tomat ic  opera t ion .  This  new ins t rumenta t ion  i s  
good and exceedingly r e l i a b l e .  

The de termina t ion  of v o l a t i l e  mat te r  i n  coa l  and coke can now be c a r r i e d  
o u t  i n  d u p l i c a t e ,  us ing  equipment programmed t o  lower t h e  c r u c i b l e s  i n t o  t h e  furnaces  
a t  the  requi red  r a t e ,  t o  hold them t h e r e  f o r  a given time and then t o  withdraw them. 

While many of  the  methods have remained b a s i c a l l y  t h e  same f o r  many y e a r s ,  
automation has  a s s i s t e d  t h e  a n a l y s t  t o  t u r n  o u t  more work wi th  p r e c i s i o n  equal  t o  o r  
g r e a t e r  than t h a t  wi th  t h e  manual methods. 
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In conclus ion  i t  should be  poin ted  o u t  t h a t  D-5 i s  n o t  a g a i n s t  t h e  use  05 
new technology i n  t h e  p r e p a r a t i o n  of s tandards  b u t ,  by t h e  t i m e  t h e  technology has  
been advanced and proven r e l i a b l e ,  i t  is no longer  new. To be considered worthy of 
s t a n d a r d i z a t i o n  a new approach must be  f a s t e r  than  t h e  one i t  i s  t o  r e p l a c e ,  must 
have e q u a l  or g r e a t e r  p r e c i s i o n ,  and t h e  equipment r e q u i r e d  must be w i t h i n  t h e  reach 
of  t h e  l a b o r a t o r i e s  who w i l l  be  expected t o  use i t .  I 
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INTRODUCTION 

The increased  c o s t  o f  n a t u r a l  gas and the  h igh  c o s t  of f u e l  o i l  have inc reased  
the  importance of Texas l i g n i t e  a s  a p o t e n t i a l  source  of chemicals and a s  a f u e l  
f o r  genera t ing  e l e c t r i c i t y .  The l i g n i t e  resource  i n  Texas has  been es t imated  (1) 
as 10  b i l l i o n  tons  a t  depths  less than  200 f e e t  and 100 b i l l i o n  tons  a t  depths  of 200 
t o  5000 f e e t .  The sha l low b a s i n  l i g n i t e  can be recovered by s t r i p  mining but  t h e  
deep bas in  l i g n i t e  w i l l  probably have t o  be  recovered by in situ mining methods. 
situ l i q u e f a c t i o n  and comminution have cons iderable  p o t e n t i a l  f o r  recover ing  deep 
bas in  l i g n i t e  (2,3,4).  

In 

I n  o rde r  t o  eva lua te  the  p o t e n t i a l  of underground l i q u e f a c t i o n ,  au toc lave  ex- 
periments have been conducted a t  p re s su res  of 500 t o  5000 p s i  and temperatures of 
650 t o  800'F. The charge t o  t h e  au toc lave  has  been c y l i n d e r i c a l  co res ,  1 1/2 i nch  in  
diameter and 3 t o  5 inches  long, hydrogen, helium and hydrogen donor so lven t s .  In 
order  t o  g a i n  i n s i g h t  i n t o  the  r e a c t i o n  mechanisms under ly ing  t h e  conversion process ,  
the  l i q u i d  and gas  products  have been analyzed by use of s e v e r a l  methods. Generally,  
coal-derived l i q u i d s  have been cha rac t e r i zed  a f t e r  s epa ra t ing  d i f f e r e n t  s p e c i e s  by 
use of so lven t s  w i th  d i f f e r e n t  chemical a f f i n i t i e s  (5 ,6 ) .  Since t h e  composition of the 
l i g n i t e  der ived  f l u i d s  a r e  less complex compared t o  o t h e r  coal-derived l i q u i d s ,  an 
a n a l y t i c a l  procedure based on b o i l i n g  po in t s  of t he  components i s  used. 

EXPERIMENTAL 

Three Gow-Mac gas  chromatographs, Model 69-550, wi th  thermal conduct iv i ty  
* d e t e c t o r s  w e r e  used f o r  simultaneous a n a l y s i s  of gases and l i qu ids .  The oven temper- 

a t u r e s  were manually programmed. Commercially a v a i l a b l e  helium is used as c a r r i e r  
gas. 
s t a i n l e s s  steel column) and through a h igh  capac i ty  p u r i f i e r  (Supelco Carrier G a s  
P u r i f i e r )  t o  remove t h e  t r a c e s  of oxygen and water.  The gas chromatographs accept  
only 1/4" columns wi th  a maximum length  o f  10 f t .  Samples were i n j e c t e d  d i r e c t l y  in -  
t o  the  column t o  avoid t h e  recovery lo s s  i n  t h e  i n j e c t i o n  po r t .  The products  from 
l i g n i t e  l i q u e f a c t i o n  experiments,  which w e r e  analysed by gas chromatography can be  
c l a s s i f i e d  as f o l l o y :  (a.)  gases ;  (b.) low b o i l i n g  po in t  l i q u i d s  ( b o i l s  below 
100°C); (c.) high b o i l i n g  po in t  l i q u i d s  ( b o i l s  above 100OC). 

Helium is  p u r i f i e d  by pass ing  i t  through molecular s e i v e  5 A  ( 3  f t .  X 1 1/2" O.D. 

Porapak N w a s  used f o r  i d e n t i f y i n g  methane, carbon d ioxide ,  e thy lene ,  e thane ,  
hydrogen s u l f i d e ,  propane, water, i sobutane  and n-butane. Af t e r  an i n i t i a l  1 min. 
ho ld  a t  25"C,  a shotgun temperature program - 25°C t o  140°C a t  a rate of 15  t o  20°C 
pe r  min. - was used t o  g e t  e x c e l l e n t  s epa ra t ions .  
hydrogen, carbon monoxide, oxygen and n i t rogen  from the  gas samples a t  room temper- 
a ture .  Porapak S a l s o  gave a sepa ra t ion  s i m i l a r  t o  Porapak N bu t  d i d  no t  s epa ra t e  
propane and water under i d e n t i c a l  condi t ions .  
(max. temp. 250°C VS. 190°C f o r  Porapak N) favored i t  as a choice f o r  a few samples. 

Durapak n-octane 
on po rac i l  C i s  good f o r  s epa ra t ing  a l i p h a t i c  components whi le  Durapak OPN on p o r a c i l  
C s epa ra t e s  t he  a romat ic  compounds. The sample i s  run on both  columns s imul taneous ly  
under i d e n t i c a l  condi t ions .  

Molecular Sieve 5 A  could s e p a r a t e  

The thermal s t a b i l i t y  of Porapak S 

The low b o i l i n g  l i q u i d s  w e r e  separa ted  on two Durapak columns. 

A shotgun temperature program from 25 t o  15OoC gave 
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f a i r l y  good sepa ra t ion  of t h e  components. 

The high b o i l i n g  p o i n t  l i q u i d s  con ta in  n o n v i l a t i l e  components a s  w e l l  a s  l i g n i t e  

The subl imator  c o n s i s t s  of t w o  
fragments which may d e p o s i t  on t h e  columns. 
b o i l i n g  po in t  range by u s i n g  a f r a c t i o n a l  sublimator.  
concen t r i c  g l a s s  tubes.  The o u t e r  tube holds the  sample and t h e  inne r  tube contains  
a coo lan t ,  l i k e  l i q u i d  n i t r o g e n  o r  dry ice-acetone mixture.  The space between t h e  
tubes is evacuated while  t he  o u t e r  tube i s  heated by a j a c k e t  type furnace.  The 
temperature of t h e  furnace i s  con t ro l l ed  by a Thermolyne p ropor t iona l  temperature con- 
t r o l l e r .  The sample temperature  i s  recorded on a s t r i p  c h a r t  recorder .  The sample 
evaporates  and depos i t s  on t he  ou t s ide  of t he  inner tube ( l i q u i d  n i t r o g e n  cold f i n g e r ) .  
The sample temperature and the degree of  vacuum c o n t r o l s  t h e  v o l a t i l i t y  of t he  f r a c t i o n s  
deposited.  

The samples were cleaned t o  get  t h e  des i r ed  

The clean samples from t h e  subl imator  were analysed using f i v e  d i f f e r e n t  8 f t .  
columns with packings t h a t  can withstand column temperatures  w e l l  above 300°C without  
appreciable  bleeding. The column temperature was programmed from 80°C t o  28OOC a t  
a r a t e  of  1.5 t o  2'C per  minute. The same sample was analysed wi th  d i f f e r e n t  columns 
under i d e n t i c a l  cond i t ions .  A hydrocarbon s tandard of n-alkanes ranging from C 1 o  t o  C36 
a long wi th  p r i s t a n e  and phytane w a s  used t o  q u a l i t a t i v e l y  i d e n t i f y  the  b o i l i n g  po in t  
range of t he  components s epa ra t ed  on d i f f e r e n t  columns. 

Detai led a n a l y s i s  o f  the l i g n i t e  der ived products  were done on GC-MS. The 

The gas 
apparatus  mainly c o n s i s t s  of a Hewlett-Packard 5710A Gas Chromatograph. A 59808 
Mass Spectrometer,  a 59478 Multi  Ion Detector  and a 5933A Data System. 
chromatograph is ab le  t o  accept  packed columns a s  w e l l  a s  g l a s s  c a p i l l a r y  columns. 
A 30 f t .  X 1/8" s t a i n l e s s  s t e e l  column packed wi th  3% OV 1 0 1  on 80/100 mesh 
Chromosorb W-€IF' and a 30 M g l a s s  c a p i l l a r y  coated with OV 101 w e r e  used f o r  most of 
the GC-MS s tud ie s .  OV 101 is a me thy l s i l i cone  polymer s i m i l a r  t o  the  SP 2100 used 
i n  t h e  Gow-Mac gas  chromatographs. The hydrocarbon s tandard w a s  used t o  determine 
the b o i l i n g  po in t  range of t h e  components a s  w e l l  a s  t h e  fragmentation p a t t e r n  of 
t he  n-alkane s e r i e s .  

The proton nmr s p e c t r a  of  t h e  samples dissolved i n  CDC13 w e r e  taken on a Varian 
J E O L  PS-100-PFT w a s  used f o r  scanning C I 3  nmr s p e c t r a  of 

Samples used f o r  t hese  s t u d i e s  were n o t  sublimated. The samples, 
T-60 nmr spectrometer.  
samples i n  CDC13. 
t he re fo re ,  contained h i g h  molecular weight spec ie s  as w e l l  as minute suspended 
p a r t i c l e s .  

RESULTS AND DISCUSSION 

The gaseous products  from d i f f e r e n t  l i g n i t e  l i q u e f a c t i o n  experiments were 
composed of the same components b u t  t h e  composition v a r i e d  depending on the  exper- 
imental  condi t ions and the l i g n i t e  sample cores  used. The gaseous components were 
i d e n t i f i e d  using known s t anda rds  and s imple chemimcal tests. Figure 1 is a t y p i c a l  
gas  chromatogram f o r  t h e  gas sample obtained during t h e  hydrogenatibn o f  wet Texas 
l i g n i t e .  Carbon dioxide i s  the major component. Hydrogen s u l f i d e  is p resen t  i n  
an appreciable  concentrat ion.  
removed from t h e  gaseous mixture,  t he  product has  a composition comparable t o  
commercial n a t u r a l  gas con ta in ing  a series of low molecular weight hydrocarbons with 
methane i n  l a r g e  proport ion.  

Once both carbon dioxide and hydrogen s u l f i d e  w e r e  

Texas l i g n i t e  i s  a l o w  grade coa l  (8000 BTU per  pound) with a high oxygen content 
(up t o  30% of d ry  weight)  and about a medium l e v e l  of s u l f u r  r e s idues  (near ly  2% of 
dry weight) .  Most of the carbon dioxide r ep resen t s  a major po r t ion  of t he  chemically 
bound oxygen i n  l i g n i t e  which may e x i s t  as ca rboxy l i c  groups. 
could b e  l i b e r a t e d  from t h e  s u l f h y d r y l  groups ( t h i o l s ,  s u l f i d e s ,  d i s u l f i d e s  and 
che la t ed  s u l f u r  r e s idues )  and elemental  s u l f u r  ( a t  least a s m a l l  f r a c t i o n )  i n  t h e  
lignite. 

Hydrogen s u l f i d e  

32 



The l ign i t e -de r ived  l i q u i d  obtained i n  t h i s  work i s  less complex than t h e  
bituminous coal-derived l i q u i d .  The l i gn i t e -de r ived  l i q u i d  was divided i n t o  low 
b o i l i n g  l i q u i d  and high b o i l i n g  l i q u i d  i n  o rde r  t o  use two Durapak columns which 
have an upper temperature l i m i t  of about 15OoC f o r  t h e  sepa ra t ion  of aromatic  and 
a l i p h a t i c  compounds. 
could be separated on any of t he  f i v e  columns used f o r  high b o i l i n g  l i q u i d  b u t  t h e  
Durapak columns gave a much b e t t e r  r e s o l u t i o n  f o r  t he  low bo i l ing  po in t  l i q u i d .  

As  a ma t t e r  of f a c t  both t h e  low and high b o i l i n g  p o i n t  l i q u i d s  

The low-boiling l i q u i d  i s  a c l e a r  c o l o r l e s s  l i q u i d  which t u r n s  dark and cloudy 
on exposure t o  a i r  a t  room temperature f o r  a few hours.  Figure 2 shows t h e  t o t a l  ion 
monitor chromatogram of t h e  l i q u i d  using a 30 f t .  1/8" column packed wi th  3% OV 1 0 1  
on Chromosorb W-AP. 
g ives  an overview of t h e  general  na tu re  of t he  most common chemical s p e c i e s  p re sen t  
i n  t h e  low-boiling l i q u i d .  A l ipha t i c  hydrocarbons, a lky la t ed  aromatics ,  fu rans  and 
small  amounts of thiophenes c o n s t i t u t e  t h e  bu lk  of t h e  sample. The m a s s  s p e c t r a  of  
these components c l e a r l y  i n d i c a t e  t h e  substance type,  however, i n  cases  where two o r  
more hydrogen atoms have been s u b s t i t u t e d  by a l k y l  groups, a l a r g e  number of d i f f e r e n t  
p a t t e r n s  i s  possible .  
and so  the  i d e n t i f i c a t i o n  has been done by using known standards o r  using i n d i v i d u a l  
b o i l i n g  po in t  range. A l l  the  poss ib l e  isomers of some a lky la t ed  spec ie s  are iden t i f i ed .  

Table 1 summarizes t h e  i d e n t i f i c a t i o n  of major components and 

The mass spec t r a  of some of t hese  isomers a r e  q u i t e  s i m i l a r  

Table 1. I d e n t i f i G t i o n  of Major Componenp i n  t h e  Low Boil ing Liquids  

Peak No. Compound Peak No. Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
14 
15 
16 
17 
18  

Acetone 
1,l-Dime thylcyclopropane 
C6H12 
Ethylmethylketone 
Hexane 
Methylcyclopentane 
1-Methylcyclopentene 
Pentane-2-one 
Heptene 
2,4-Dimethylpentadiene 
Dimethylcyclopentene 
Hep t ene  
C7H12 
Toluene 
2-Isopropylfuran 
C8H12 
Isopropylfuran 
1-Ethylcyclohexene 

19 
20 
21 
22 
23 
24 
25 
26 
27 

28 
29 
30 
31 
32 
33 
34 
35 
36 

Ethylbenzene 
Xylenes 
2,3-Dimethylthiophene 

2-Methyl 5-propylfuran 
Cumene 

t-Butylcyclohexanone 
p-Ethyltoluene + 
t r imethyl thiophene 
Trimethylthiophene 
Trimethylthiophene ( i so . )  
C3-Alkylbenzene 
n-decane 
Tetramethylbenzene 
Cyclopropylbenzene 
Tetramethylthiophene 
Cq-Alkylthiophene 
'llH24 

C9H20 

ClOH22 

High boi l ing-point  l i q u i d  was cleaned using a f r a c t i o n a l  subl imator  p r i o r  t o  
gas chromatographic ana lys i s .  The r e s idue  from subl imat ion was about  20 t o  40% of 
the charge t o  t h e  subl imator .  The sample was sublimated t o  l i m i t  t h e  boi l ing-point  
range of t he  sample s o  t h a t  t h e  column temperature could be s e t  f o r  an upper l i m i t  
of 28OoC. Column bleeding w a s  t h e  major problem in GC-MS s tud ie s .  Figure 3 shows 
the chromatogram of a sublimated sample and Table 2 l is t  a l l  the components i d e n t i f i e d .  
The same sample was sepa ra t ed  on a Dexsi l  300 GC column (Figure 4 ) .  Comparing t h e  
chromatogram of t h e  same sample on f i v e  d i f f e r e n t  column helps  t o  r e so lve  some 
components which may n o t  s e p a r a t e  on a p a r t i c u l a r  column under i d e n t i c a l  condi t ions.  
For the  GC-MS a n a l y s i s  a 30 f t .  x 1/8"  s t a i n l e s s  s t e e l  column packed w i t h  3% OV 101  
on 80/100 mesh Chromosorb W-HP gave a b e t t e r  a n a l y s i s  than a 30M g l a s s  c a p i l l a r y  
column coated with OV 101  under s i m i l a r  condi t ions.  

The Dexsil  300 GC column sepa ra t ed  components i n t o  sharper  symmetrical  peaks 
in  a s h o r t e r  t i m e  compared t o  o t h e r  columns. 
a sample containing naphthalene and te t rahydronaphthalene i s  used on f i v e  d i f f e r e n t  

SP 2250 is  t h e  s lowest  of  a l l .  When 
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columns, SP 2250 gave the b e s t  s epa ra t ion  while  SP 2100 gave no sepa ra t ion .  The 
e f f i c i e n c y  of s e p a r a t i o n  i n  decreasing order  can be  l i s t e d  a s  follows: SP 2250, 
Dexsil  410 GC, Dexsi l  400 GC, Dexsi l  300 GC and SP 2100. The bulk of t h e  high- 
boi l ing-point  l i q u i d  sample c o n s i s t s  of s a t u r a t e d  hydrocarbons mostly n-alkanes 
ranging from C10 t o  c36 d i s t r i b u t e d  over t h e  e n t i r e  b o i l i n g  point  range. 
spec ie s  were predominantly a lky la t ed  phenols,  benzenes, indenes,  hydrogenated indenes 
and naphthalenes.  Aromatic hydrocarbons containing t h r e e  or more r i n g s  were n o t  
de t ec t ed  i n  the  subl imated sample. The n-alkanes a r e  n o t  d i s t r i b u t e d  p ropor t iona te ly  
throughout the s e r i e s ,  though n o t  a s i n g l e  member i s  missing. Unusually l a r g e  
enrichment occures a t  Cl0, C 1 7  and CZ7. Mass s p e c t r a l  d a t a  of t hese  higher  members 
i s  n o t  good enough t o  d i s t i n g u i s h  between a n-alkane and a s l i g h t l y  branched alkane 
of a higher  molecular weight.  
t o  branched alkanes wi th  more than 17 carbon atoms, namely p r i s t a n e ,  a branched C 1 g  
alkane. P r i s t ane  i s  de r ived  from t h e  phytol  r e s idues  of  chlorophyl l  (7). The 
hydrogenation products  o f  o the r  d i t e rpene  r e s idues  i n  l i g n i t e  may a l s o  con t r ibu te  to  
peaks i n  the range of C17 through C1g. 
hydrogenation of t r i t e r p e n e  type r e s idues  may be r e spons ib l e  f o r  t h e  n-C27 alkane peak 
enhancement. 

The aromatic  

The peak assigned t o  n-C17 alkane may a l s o  be assigned 

The branched C30 alkanes obtained by t h e  

Table 2. I d e n t i f i c a t i o n  of Major Components i n  t h e  High Boil ing Liquids  

Peak No. 

1 
2 

3 
4 
5 
6 
7 
8 
9 

1 0  

11 

12 
13  
14 
1 5  
16 
17  
18  

19 
20 
21  
22 
23 

Compound Peak No. 

Phenol 24 
1-Ethyl-3-methylbenzene 25 
p lus  Decane 26 
o-Cresol 
p-Cresol 27 
n-Undecane p l u s  methylcresol  
o-Ethylphenol 28 

p-Ethylpheno 1 
p- Cymene 30 
C12H26 p lus  1,3-Dimethyl- 
indan 31 
n-Dodecane p lus  2-Methyl-6- 32 

2,6-Dimethylphenol 29 

ethylphenol  33 
3-Methyl-6-ethylphenol 34 
C12H16 35 
3-Methyl-6-ethylphenol 36 
C13H28 p lus  1,6-Dimethylindan 37 
1,2-Dimethylindan 38 
n-Tridecane 39 
CllHifj(Methy1ated benzene)plus 40 
C14H30 41 
n-Tetradecane $2 
D i m e  thylnaph tha l ene  43 
2,3-Dimethylnaphthalene 44 

45 
46 
47 

C15H32 
n-Pentadecane 

Compound 

Pentamethylindan 
C6-Alkylindan 
Trime thylnaphtha- 
l e n e  ( i so . )  
C16H-34 p lus  Trimethyl- 
nahthalene ( i so . )  
n-Hexadecane 
Diethyl  methylnaphtha- 
l e n e  
C17H-36 p lus  Tetra- 
methylnaphthalene 
n-Heptadecane 
Alkylated naphthalene 
C18H38 
n-Octadecane 
%gH40 
C19H40 

n-Nonadecane 
n-Eicosane 
n-Heneicosane 
n-Docosane 
n-Tricosane 
n- Tetracosane 
n-Pentacosane 
n-Hexacosane 
n-Hepacosane 
n-Octacosane 

C19H40 

The high b o i l i n g  l i q u i d  i s  composed of spec ie s  with a very wide range of b o i l i n g  
points .  
end. A ca re fu l  examination of Table 2 r evea l s  t h a t  f r a c t i o n a l  d i s t i l l a t i o n  o r  
subl imat ion can be  e f f e c t i v e l y  used t o  sepa ra t e  t h e  high b o i l i n g  l i q u i d  i n t o  sepa ra t e  
f r a c t i o n s  enriched with phenols (180-230°C), aromatic  hydrocarbons (230-3OO0C) and 
alkanes (300-5OO0C).' S i m i l a r l y  the  low bo i l ing  l i q u i d s  can a l s o  be f r a c t i o n a t e d  i n t o  

S t a r t i n g  with phenol (181'C) a t  t h e  low end and n-C36H74 (497'C) at t h e  upper 
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enr iched  samples. 
concent ra ted  i n  these  f r a c t i o n s  and can  b e  i d e n t i f i e d  by use  of GC and GC-MS. 

The minor components o f  t h e  h igh  and low b o i l i n g  l i q u i d s  a r e  

The pro ton  nmr s p e c t r a  show t h e  d i s t r i b u t i o n  of chemica l ly  bound hydrogen among 

The s p e c t r a  g ive  only  a very  q u a l i t a t i v e  
t h e  aromatic r ings ,  a l i p h a t i c  cha ins  and o the r  carbon atoms wi th  vary ing  chemical 
s h i f t s  due t o  d i f f e r e n t  func t iona l  groups. 
p i c t u r e  about t h e  chemical n a t u r e  of t h e  numerous components p re sen t  i n  t h e  lignite 
der ived  products.  
moie t ies  i n  t h e  sample could be  a t tempted  wi th  reasonable  success .  

An approximate e s t ima t ion  of t h e  a romat ic  and t h e  a l i p h a t i c  

Due t o  t h e  h igh  r e so lu t ion  power of t h e  C 1 3  nmr spec t roscopy a cumulative 
es t imat ion  of a sample conta in ing  many components may r e s u l t  i n  t h e  d isappearance  of 
a l a r g e  number of C13 absorp t ions  i n  t h e  noise .  
absorp t ion  peaks r ep resen t ing  carbon c e n t e r s  wi th  nea r ly  i d e n t i c a l  chemical s h i f t s .  
Each narrow peak i s  formed by summing u 
s i m i l a r  bu t  d i f f e r e n t  compounds. The Cp3 nmr s p e c t r a  of a non subl imated  high- 
b o i l i n g  l i q u i d  der ived  from hydrogenated l ign i te  has  about t en  major absorp t ion  
peaks. 
(110-130 ppm) and seven i n  the  a l i p h a t i c  reg ion  (10-40 ppm). The peak a t  14.19 
ppm could be due t o  te rmina l  methyl groups o f  s a t u r a t e d  long  cha in  hydrocarbons. The 
in t ense  absorp t ion  a t  29.91 ppm is  due to methylene groups i n  t h e  middle reg ions  
of one o r  more long  cha in  s a t u r a t e d  dydrocarbon compounds. Re la t ive ly  very  l a r g e  
a r e a  of t h e  peak a t  14.19 ppm sugges ts  t h a t  n-alkanes are t h e  bu lk  s p e c i e s  i n  the 
l i g n i t e  der ived  f l u i d s .  
a lkanes  are due t o  s t r a i g h t  cha in  r a t h e r  than branched hydrocarbons. 

The sample s p e c t r a  w i l l  show few nmr 

t h e  nmr absorp t ions  o f  C 1 3  carbons from 

These peaks a r e  l i s t e d  i n  Table 3. Three peaks are i n  t h e  a romat ic  r eg ion  

The C13 nmr s t u d i e s  a l s o  show t h a t  most of t h e  GC peaks of 
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Table 3. C 1 3  NMR Data o f  Products  from Hydrogenated L i g n i t e  

Peak No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

Chemical S h i f t  ppm 

14.19 
19.77 

29.53 
29.91 
32.10 
37.64 

115.54 
128.37 
129.57 

22.84 

Peak Height ( re1)  

7.16 
6.62 

11.07 
20.94 

122.68 
11.77 

5.72 
6.22 
8: 95 
7.67 

Peak Area(re1) 

22 .17  
27.30 

65.52 
603.50 

42.25 
25.24 
10.52 
57. 72 
22.30 

38.04 
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3% 

r I I min 
0 5 IO 

Fig. 1. G a s  c'hromatogram of  Texas l i g n i t e  der ived  gas. 
Condi t ions :  s t a i n l e s s  s t e e l  column, 5 f t  x 114" O.D. packed 
wi th  80/100 Porapak N; c a r r i e r  gas  (helium) flow r a t e :  60 m l /  
min; temperature program: 25C (1 min.) ,  25-14OoC a t  15-20°/min. 

I i i4  
20 

I I I I 

27 

I I I I I I I I 1 I 
15 20 

I 

Fig. 2 .  T o t a l  i o n  c u r r e n t  monitor chromatogram of l o w  boiling 
l i q u i d .  Conditions:  s t a i n l e s s  steel column, 30 f t  x 1/8" O.D. 
packed wi th  3% OV 101  on 80/100 Chromosorb W-HP; carrier gas 
(helium flow rate: 20 mllmin; temperature program: 75-200°C 
a t  2O/min. For i d e n t i f i c a t i o n  of peaks see  Table 1. 
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Fig. 3. Gas chromatogram o f  h igh  b o i l i n g  l i q u i d .  Conditions:  s t a i n l e s s  
steel, 8 f t  x 1/4" O.D. packed wi th  10% SP 2100 on 100/120 supelcopor t ;  
carrier gas (helium) flow rate: 60 ml/min; temperature program: 100- 
250°C a t  Z/min. For i d e n t i f i c a t i o n  o f  peaks see Table 2. 

31 

I I I 
I50 200 25OOC ISOTH 

I I I I mi n 60 90 I20 I50 

Fig. 4.  High b o i l i n g  l i q u i d  separa ted  on a 3% Dexsi l  column. Column s i z e  
and condi t ions  are s i m i l a r  t o  t hose  o f  Figure 3 .  For i d e n t i f i c a t i o n  of 
peaks see Table 2.  
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INTRODUCTION 

In  r e c e n t  y e a r s ,  a g r e a t  d e a l  of  a t t e n t i o n  has  been d i r e c t e d  towards coa l  
as an a l t e r n a t e  s o u r c e  of gaseous and l i q u i d  f u e l s  and chemicals  which are c u r r e n t l y  
d e r i v e d  from petroleum. Liquefact iopl?f  c o a l  by c a t a l y t i c  hydrogenat ion w a s  demon- 
s t r a t e d  by Bergius  a s  e a r l y  as 1912. Subsequent ly  o t h e r  methods f o f 2 y a l  l ique-  
f a c t i o n  have been a t tempted  and the k i n e t i c s  of hydrogenat ion s Fyj ied .  Coal can 
a l s o  b e  l t f y e f i e d  by hydrogen donor molecules ,  such as t e t r a l i n  
an threne .  The i n i t i a l  r e a c t i o n s  are thermal  c leavage  of carbon-carbon o r  carbon- 
oxygen bonds, r e s u l t i n g  i n  f r e e  r a d i c a l s .  I n  t h e  absence of  hydrogen, f r e e  r a d i c a l s  
polymerize producing h i g h  molecular  weight s o l i d s .  
are p r e s e n t ,  t h e  f r e e  r a d i c a l s  are s t a b i l i z e d  r e s u l t i n g  i n  low molecular  weight 
l i q u i d s  o r  gases .  
s t r u c t u r e s  can f u n c t i o n  i n  a similar manner. 

and octahydrophen- 

But i f  hydrogen donor molecules 

T e t r a l i n  i s  a n  e f f i c i e n t  hydrogen donor molecule b u t  many o t h e r  

Many c o a l  l i q u e f a c t i o n  processes  are c u r r e n t l y  i n  developmental s t a g e s  - 
b o t h  c a t a l y t i c  and n o n c a t a l y t i c .  These processes  u s e  coal-der ived (an thracene  o i l )  
or petroleum-derived (decant  o i l )  s o l v e n t s .  To enhance c o a l  d i s s o l u t i o n ,  they may be  
prehydrogenated o r  hydrogenated i n - s i t u  and t h e  hydroaromatic  hydrocarbons thereby 
formed par take  i n  t h e  format ion  of low molecular  weight compounds from c o a l .  An 
impor tan t  aspec t  of  c o a l  l i q u e f a c t i o n  processes  is t h e r e f o r e  a b a s i c  understanding of 
t h e  s t r u c t u r e  of t h e  hydroaromatic  molecules. Informat ion  i s  needed on t h e  types  
t h a t  a r e  present  i n  a r o m a t i c  s o l v e n t s ,  t h e  s t r u c t u r e s  t h a t  are produced upon hydro- 
gena t ion ,  t h e i r  r e a c t i v i t y  and t h e  amount of  " t r a n s f e r r a b l e "  hydrogen they  may conta in .  
The modus operandi  t h a t  has  succeeded i n  petroleum chemis t ry  i s  s e p a r a t i o n  of  a 
complex mixture  i n t o  s i m p l e r  f r a c t i o n s ,  fol lowed by t h e i r  composi t ional  a n a l y s i s  by 
spec t roscopic  techniques.  The s a m e  method has  been adopted here  wi th  promising 
r e s u l t s .  The b e s t  spec t roscopic  technique capable  of so lv ing  t h e  problems posed 
above i s  carbon-13 NMR spec t roscopy.  However, because of t h e  r e l a t i v e  novel ty  of 
t h i s  technique,  very  l i t t l e  s p e c t r a l  in format ion  is a v a i l a b l e  on hydroaromatic 
hydrocarbons and t h e r e f o r e  a n e c e s s i t y  a r o s e  t o  develop our  own. This  paper  i s  a 
d i s c u s s i o n  of s p e c t r a  and s p e c t r a - s t r u c t u r e  c o r r e l a t i o n  of model hydroaromatic 
hydrocarbons, r e l a t e d  compounds and f r a c t i o n s  from p a r t i a l l y  hydrogenated condensed 
aromat ic  hydrocarbons. 

RESULTS AND DISCUSSION 

I S p e c t r a l  Assignments i n  Model Compounds 

The numbering scheme and s t r u c t u r e s  f o r  t h e  s i x t e e n  compounds s t u d i e d  a r e  
presented  i n  F igure  1. 
s e v e r a l  techniques.  
qua ternary  aromatic  c e n t e r s  were separa ted  from those  due t o  carbons d i r e c t l y  
bonded t o  hydrogens, by examining t h e  off-resonance spectrum i n  which t h e  former 
r e t a i n  t h e i r  s i n g l e t  s t r u c t u r e .  

Assignments of resonance p o s i t i o n s  were accomplished by 
A s  a sf3f ' t ing poin t  f o r  making t h e  assignments ,  resonances of  

Furthermore, t h e r e  are d i f f e r e n c e s  i n  t h e  r e l a t i v e  
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s e n s i t i v i t y  and t h e  s h i e l d i n g s  between t h e s e  two types  of carbon atoms. Quaternary  
carbons,  under normal ins t rumenta l  condi t ions ,  do not  a t t a i n  t h e  f u l l  n u c l e a r  Over- 
hauser  enhancement and t h e r e f o r e  t h e i r  resonances appear  wi th  reduced i n t e n s i t y  and 
they  a r e  desh ie lded  more than  t h e  protonated carbons. Also, empir ica l  chemical  s h i f t  
a d d i t i v i t y  c o r r e l a t i o n  and known informat ion  on model compounds were used i n  ass ign-  
i n g  v a l u e s  t o  a given carbon atom. 

The r e s u l t s  f o r  t @ f a l i n  (I) i n  C D C l  
r e p o r t e d  f o r  p e a t  t e t r a l i n ,  b u t  our  v a l u e s  are about  1 ppm u p f i e l d  from t h o s e  i n  
n e a t  t e t r a l i n ;  prpbably due t o  so lvent  e f f e c t .  
a long  a n  a l k y l  cha in  i s  t o  s h i f t  t h e  s h i e l d i n g  of  ~ 7 7  a-carbon by +23.0 ppm, t h e  6- 
carbon by +9.5 ppm and t h e  y-carbon by ca. -2 ppm. This  in format ion  a l o n g  wi th  
t h e  r e s u l t s  f o r  t e t r a l i n  i s  u t i l i z e d  i n  a s s i g n i n g  v a l u e s  t o  carbon atoms i n  2 ( a r ) -  
b u t y l t e t r a l i n  (11). The c o n t r i b u t i o n  of t h e  aromatic  r i n g  of t h i s  molecule  a l o n g  t h e  
b u t y l  cha in  i s  almost  i d e n t i c a l  t o  t h a t  observed i n  n-butylbenzene. The e f f e c t  o f  
t h e  cha in  on t h e  s a t u r a t e d  r i n g  i s  marginal. The s h i e l d i n g s  of C-6 and C-7 are 
unchanged, bu t  a double t ,  d i f f e r i n g  by 0.4 ppm i n  chemical s h i f t ,  i s  observed around 
29 ppm. 
i n  s u b s t i t u t e d  cyclohexanes. Therefore  t h e  l i n e  a t  29.1 ppm is  ass igned  t o  C-8 
and t h e  l i n e  a t  29.5 ppm t o  C-5. Natura l ly ,  more pronounced e f f e c t s  have t o  be 
expected on t h e  s h i e l d i n g s  of a romat ic  carbon atoms. 
NOE t h a t  resonances a t  139.8, 136.6 and 134.1 ppm are due t o  t h r e e  qua ternary  c e n t e r s  
i n  t h e  molecule. 
i n c r e a s e s  t h e  C-4a s h i e l d i n g  by -3.0 ppm. 
So C-2 i s  given t h e  v a l u e  139.8 ppm and C-4a 134.1 ppm. 
are i n  Table I .  

are i n  good agreement w i t h  t h o s e  

The c o n t r i b u t i o n  of t h e  phenyl  group 

3 

An u p f i e l d  s h i f t  of(g,4 ppm i s  similar i n  magnitude t o  t h e  & e f f e c t  observed 

It is evident  from t h e  reduced 

Butyl  s u b s t i t u t i o n  decreases  t h e  C-2 s h i e l d i n g  by +14.0 ppm and 
The lat ter i s  t h e  f a m i l i a r  "para" e f f e c t .  

The r e s t  of t h e  assignments  

Assignment of  v a l u e s  t o  carbons i n  2(ar)-n-butyl-8-n-hexyl t e t r a l i n  (111) 
is  at tempted,  cons ider ing  (I) and (11) as models. The c o n t r i b u t i o n  of a cyclohexyl  
r i n g  alop5)an a l k y l  cha in  can be  der ived  from t h e  r e s u l t s  publ ished by Adams and 
Lindeman and are s i m i l a r  b u t  no t  i d e n t i c a l  t o  t h o s e  of a phenyl r i n g ;  a-carbon is 
deshie lded  by ca .  +24 ppm, B-carbon by ca .  +4 ppm, and t h e  y-carbon i s  s h i e l d e d  by -2 
ppm, compared t o  t h e  parent  a lkane .  The c o n t r i b u t i o n  of t h e  hexyl-c n t o  t h e  r i n g  
carbons c t9 ,be  a s c e r t a i n g d  from t h e  r e s u l t s  on s a t u r a t e  hydrocarbonsFef and a l k y l  
benzenes. C-aa, due t o  t h e  hexyl  group on C-8, exper iences  a d e s h i e l d i n g  B- 
e f f e c t  and a s h i e l d i n g  y-ef fec t .  These combined e f f e c t s  would p l a c e  i t s  chemical  
s h i f t  4 ppm downfield from t h e  corresponding va lue  i n  t e t r a l i n  o r  b u t y l t e t r a l i n  and 
s o  t h e  va lue  141.2 ppm is  ass igned  t o  C-8a. There appears  t o  be  y - e f f e c t  on C-1, 
s imilar i n  magnitude t o  t h a t  observed, f o r  example, i n  n-butylbenzene: a n  u p f i e l d  
s h i f t  of 0.5 ppm. C-2, C-3, C-4 and C-4a are unperturbed.  A normal a l k y l  cha in ,  
longer  than C4, decreases  t h e  s h i e l d i n g  of s u b s t i t u t e d  carbon by ca .  +9 ppm and SO 

one of t h e  l i n e s  around 37 ppm is  due t o  C-8. B-effect of lesser magnitude would 
p l a c e  t h e  resonance of C-7 around 27 ppm. C-5 i s  l e a s t  per turbed  and so its chemical 
s h i f t  va lue  would be 29.5 ppm. Reca l l ing  t h e  a, 6, and y e f f e c t s  of a cyc lohexyl  
r i n g  a long  t h e  a l k y l  cha in  and remembering t h a t  t h e  cha in  i s  n-hexyl, t h e  chemical 
s h i f t  va lues  t o  be  expected f o r  a ,  6, and y carbons t o  t h e  r i n g  i n  t h e  hexyl  cha in  
are r e s p e c t i v e l y  about  37, 27, and 29 ppm. 
t h r e e  p a i r s  of  c l o s e l y  spaced l i n e s  and s o r t i n g  them out  i s  indeed a problem. The 
chemical  s h i f t  v a l u e  of C-5 i n  (11) and (111) can be expected t o  be i d e n t i c a l .  So 
t h e  va lue  29.5 ppm is  ass igned  t o  C-5 and 29.7 t o  C-8y. I n  t h e  off-resonance experiment 
t h e  l i n e  a t  37.2 i s  s p l i t  i n t o  double t ,  whi le  t h e  l i n e  a t  37.7 i n t o  a t r i p l e t .  So 
t h e  former is ass igned  t o  C-8 and t h e  lat ter t o  C-8a. The d i s t i n c t i o n  t h a t  has  been 
made between C-7 and C-8B i s  a r b i t r a r y .  
except  t h e  one a t  20.1 ppm,iwhich has  t o  be a s s o c i a t e d  wi th  C-6. 

This  mutual i n t e r a c t i o n  has  r e s u l t e d  i n  

We have so f a r  accounted f o r  a l l  t h e  l i n e s  
The u p f i e l d  d i s -  
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placement of C-6 (3.5 ppm) relative to that observed in (11) indicates a y relation- 
ship between the hexyl chain and C-6. All the four carbon atoms in the saturated 
ring of tetralin are not coplanar(Y6fh the aromatic ring. A 'half-chair' and 'half- 
boat' conformations are possible. We think that the carbon atoms 6 and 7 are 
above the pla@)of the aromatic ring and consequently C-6 experiences an upfield y 
steric shift. 

Chemical shift values for carbons in three gem substituted tetralins are 
given in Table I. The assignment of chemical shift values in 8,8-dimethyltetralin is 
facilitated by careful intensity measurement and the decoupling characteristics of 
signals. There are two interesting changes relative to tetralin; 16.2 and 4.3 ppm 
downfield shifts of C-7 and C-8, respf€fively, which is analogous to the shifts 
observed in 1,l-dimethylcyclohexane. In 8,8-diethyltetralin (V), C-8 is further 
deshielded while the effect of ethyl substitution is the upfield displacement of C-7. 
Downfield displacement of C-8 is due to E-effect while the upfield displacement of C- 
7 is due to ' y '  relationship between the methyl carbon of ethyl group and the C-7 
position. T t 4 a  trend is noticed in the transition from methylcyclohexane to ethyl- 
cyclohexane. In 8,8-dibutyltetralin (VI), the shielding of C-8 is slightly in- 
creased, while curiously enough, the shielding of C-7 is decreased by +1.3 ppm. We 
have not understood these effects. The oth?g,TPynges are qualitatively similar to 
those observed in substituted cyclohexanes. 

Results for 9,lO-dihydrophenanthrene ( V I I )  and sym-octahydro nanthrene @e (VIII) in CDC13 are similar to those reported by Retcofsky and Friedel in neat 
liquid. But C-1, C-2 and C-3 in (VII) and C-4a and C-loa in (VIII) are not identical 
as suggested by their results. The carbon chemical shifts in (I) and ( V I I I )  have 
been calculated by them by considering these structures as being benzene ring in 
which pairs of adjacent hydrogens are progressively replaced with six-membered 
hydroaromatic rings and equating them to appropriate multi-methyl substituted ben- 
zene. This scheme has provided values for the chemical shifts of aromatic carbons, 
agreeing well with the observed results. It remains to be seen whether this method 
is applicable to other molecules considered here. For example, is it possible to 
predict the shielding of aromatic carbons in 1,2,3,4-tetrahydrophenanthrene knowing 
the values for carbons in ltiZfimethylnaphthalene? 
been studied by carbon NMR, 
dimethylnaphthalene. Spectral information on a variety of multi-methyl substituted 
naphthalenes may facilitate assignment of values to carbons in partially hydrogenated 
pyrenes also. In the absence of such information, assignment of chemical shifts to 
appropriate carbon atoms in structures (VII) to (XVI) is accomplished by comparing 
the results with those of parent aromatic compound, among themselves and by other 
considerations. 

Several dimethylnaphthalenes have 
but no detailed information is yet available on 1,2- 

In ( X ) ,  the shieldings of carbons in positions 4b, 5, 6, 7 and 8 should be 
comparable to those in the corresponding positions of phenanthrene. So the lines at 
122.7, 125.5, 125.6, 128.1 and 131.2 are associated respectively with C-5, C-6, C-7, 
C-8 and C-4b. To select values for other carbons, the molecule is considered as 
perturbed phenanthrene. The effect of saturated carbons is most pronounced at 
positions 10, 4a and loa. A deshielding of +1.5 ppm is reasonable for C-10 and so 
the line at 128.3 ppm is assigned to it. The shieldings of C-4a and C-loa are 
expected to decrease by about +2 ppm and they are assigned the values 132.7 and 133.9 
Ppm, respectively. These assignments leave u s  with two lines, one at 132.2 ppm and 
the other at 124.5 ppm. For obvious reasons, the former has to associate with C-8a 
and by the process of elimination, the latter with C-9. C-9 is shielded due to the 
Para effect, which raises the question why C-8a is not experiencing a similar para 
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e f f e c t .  
and 2-methylnaphthalene (2-MN), r e l a t i v e  t o  naphthalene provides  a s a t i s f a c t o r y  
answer, a l though q u a l i t a t i v e .  
i t  i s  deshielded i n  2-MN. C-4a exper iences  similar e f f e c t s ,  bu t  t h e  magnitudes of 
t h e s e  e f f e c t s  a r e  not  i d e n t i c a l  a t  t h e s e  two c e n t e r s .  The combined e f f e c t  of methyl 
s u b s t i t u t i o n s  a t  p o s i t i o n s  1 and 2 is an u p f i e l d  s h i f t  a t  C-4 and no change a t  C-4a. 
C-4 and C-4a i n  12-DMN corresponds t o  C-9 and C-8a r e s p e c t i v e l y  i n  (X). The ca lcu-  
l a t i o n  of chemical s h i f t  v a l u e s  f o r  carbons i n  lZ-DMN,  s t a r t i n g  from 1-MN and Z-MN, 
al though unorthodox without  t h e  knowledge of s ter ic  e f f e c t  due t o  s u b s t i t u t i o n s  or tho  
t o  each o t h e r ,  has  provided some informat ion  on t h e  s h i e l d i n g s  of  C-9 and C-8a due  to 
hydrogenation of one of t h e  te rmina l  r i n g s  i n  phenanthrene. Our assignments  a r e  
f u r t h e r  s u b s t a n t i a t e d  by t h e  spectrum of octahydrophenanthrene (VIII) r e l a t i v e  t o  
1,2,3,4-tetrahydrophenanthrene. 
s i t y  i n  t h e  r e g i o n  where aromatic  carbons absorb.  
ass igned  t o  C-8a and C-loa and t h e  l i n e  a t  134.0 ppm t o  C-4a and C-4b. The combined 
e f f e c t  of two s a t u r a t e  r i n g s  on t h e  qua ternary  carbons r e s u l t s  i n  t h e  merging of 
l i n e s  due t o  C-4a and C-4b t o  a s i n g l e t ,  wi th  a s i m i l a r  e f f e c t  on C-loa and C-8a.  
The e f f e c t  of a s a t u r a t e d  r i n g  on C-10 i n  (X) i s  a decrease  i n  s h i e l d i n g  by +1.4 ppm 
and on C-9, an i n c r e a s e  i n  s h i e l d i n g  by -2.4 ppm, compared t o  phenanthrene.  C-9 and 
C-10 a r e  subjec ted  t o  similar changes by t h e  o t h e r  s a t u r a t e d  r i n g  i n  (VIII). 
sh ie lded  by about  t h e  same magnitude and t h e  s h i e l d i n g  of C-9 i s  decreased  by f 2 . 0  
ppm. The combined e f f e c t  of i n c r e a s e  and decrease  i n  s h i e l d i n g ,  due t o  t h e  success ive  
hydrogenat ion of t h e  o u t e r  two r i n g s  i n  phenanthrene,  r e s u l t s  i n  t h e  same resonance 
frequency f o r  C-9 and C-10. 

The next  i n t e r e s t i n g  p a i r  of compounds i n  t h e  phenanthrene c l a s s  a r e  9,10- 

An examination of chemical  s h i f t  of carbons i n ( & y e t h y l n a p h t h a l e n e  (1-m) 

C-4 exper iences  a s h i e l d i n g  para  e f f e c t  i n  I-MN, while 

The spectrum of VI11 has  t h r e e  l i n e s  of  equal  in ten-  
The l i n e  a t  t h e  lowest  f i e l d  i s  

C-10 is 

dihydrophenanthrene (VII) and i ts  dimethyl  d e r i v a t i v e  (IX). A s  observed i n  o t h e r  
molecules  i n  t h i s  c l a s s ,  para  s h i e l d i n g  e f f e c t  i s  evident  i n  (IX). But more i n t e r -  , 

e s t i n g ,  t h i s  molecule c o n s t i t u t e s  another  example of t h e  r e c e n t l y  r e p o r t e d  deshie ld ing  
' 6 '  e f f e c t ,  where s u b s t a n t i a l  dow@jeld s h i f t s  are found i n  compounds c o n t a i n i n g  
s p a t i a l l y  i n t e r a c t i n g  6 func t ion .  In t h e  two p a r t i a l l y  hydrogenated phenanthrene 
molecules  t h a t  we have so f a r  examined, ass ignment  of v a l u e s  t o  q u a t e r n a r y  c e n t e r s  
w a s  accomplished by t h e  procedure mentioned e a r l f f 6 ) a n d  by us ing  t h e  r e s u l t s  on 
phenanthrene publ ished by Ozubko and co-workers. In (IX), methyl s u b s t i t u t i o n  i n  
s t r a t e g i c  p o s i t i o n s  provided a n  a d d i t i o n a l  handle  i n  s e l e c t i n g  v a l u e s  t o  qua ternary  
carbons.  The spectrum of (IX) has  t h r e e  l i n e s  wi th  reduced i n t e n s i t y  a t  141.3, 135.1 
and 134.7 ppm, of which t h e  last one i s  t h e  l e a s t  i n t e n s e .  Quaternary carbons i n  
p o s i t i o n  5 (4) and 8a ( l o a )  have pro tons  i n  o r t h o  p o s i t i o n s ,  w h i l e  t h a t  i n  p o s i t i o n  
4a (4b) i s  devoid of pro tons  i n  i t s  irpnedfate v i c i n i t y .  It is reasonable  t o  expect  
t h a t  r e l a x a t i o n  i s  determined by t h e  
C-4a should have t h e  l o n g e s t  r e l a x a t i o n  t i m e  (T ) .  Based on t h i s  c o n s i d e r a t i o n ,  t h e  
l i n e  a t  134.7 ppm is  ass igned  t o  C-4a (C-4b). h b s t a n t i a l  downfield s h i f t  (6.6 ppm) 
due t o  ' 6 '  s h i e l d i n g  e f f e c t  is observeflgyr C-1 i n  7,12-dimethylbenz[a]anthracene 
compared t o  7-methylbenz[a]anthracene. 
p o s s i b l e  due t o  mutual ' 6 '  e f f e c t  added t o  t h e  downfield s h i f t  due t o  methyl s u b s t i -  
t u t i o n ,  compared t o  C-5 i n  (VII). 
and t h e  remaining l i n e  a t  135.1 ppm t o  C-8a ( l o a ) .  The d i f f e r e n c e  i n  t h e  r e l a x a t i o n  
times (T ) between C-4a (4b) and C-8a ( l o a )  sur faced  i n  t h i s  molecule  due t o  -CH3 
s u b s t i t u k i o n  a t  C-4 (S), and permi t ted  a n  unambiguous assignment t o  quaernary c e n t e r s ,  
and has  a l s o  helped us  t o  understand t h e  spectrum of (VII) and o t h e r  l i n e s  i n  t h e  
spectrum of (IX). Carbon chemical  s h i f t s  i n  t e t r a l i n  fo l low t h e  t rend  i n  o-xylene.(6) 
SO i t  is reasonable  t o  expect  t h e  t rend  i n  9,lO-dihydrophenanthrene t o  be  s i m i l a r  t o  
t h a t  i n  2,2'-dimethylbiphenyl. 
l a t t e r .  Nevertheless ,  approximate v a l u e s  f o r  t h e  chemical  s h i f t s  of q u a r t e r n a r y  

C- H d ipole-d ipole  mechanism and consequent ly ,  

A l a r g e r  downfield s h i f t  f o r  C-5 ( 4 )  i s  

So t h e  l i n e  a t  141.3 ppm is a s s i g n e d  t o  C-5 (4) 

But no s p e c t r a l  in format ion  is a v a i l a b l e  on t h e  
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carbons  can be c a l c u l a t e d  from t h e  chemical s h i f t  v a l u e s  of carbons i n  biphenyl . (15)  
This  c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  resonance of C-4a (4b) i n  (VII) should be  a t  a 
lower f i e l d  than  t h a t  of  C-8a ( l o a ) .  Upon -CH s u b s t i t u t i o n  i n  p o s i t i o n s  4 and 5, 
t h e  changes t ha t  can be expected are t h e  s h i e l a i n g s  of C-8a and C-loa t o  be prac-  
t i c a l l y  the  same, whi le  t h o s e  of C-4a and C-4b t o  b e  increased  by about  -2.5 ppm. 
The l a t te r  is a m a n i f e s t a t i o n  of y s t e r i c  e f f e c t .  These changes a r e  indeed observed, 
s u b s t a n t i a t i n g  t h e  assignment  of v a l u e s  t o  C-8a ( l o a )  and C-4a (4b) i n  (IX). There 
a r e  f o u r  l i n e s ,  t h r e e  of  which are c l o s e l y  spaced, i n  t h e  spectrum of V I 1  c o r r e s -  
ponding t o  f o u r  pro tona ted  a romat ic  carbons.  Methyl s u b s t i t u t i o n  s e p a r a t e s  t h e  t h r e e  
c l o s e l y  spaced l i n e s  and t h e  s e p a r a t i o n s  have been u s e f u l  i n  a r r i v i n g  a t  f u r t h e r  
ass ignments .  Methyl s u b s t i t u t i o n  decreases  t h e  s h i e l d i n g  of C-6 and i n c r e a s e s  t h a t  
of C-8, l eav ing  t h e  v a l u e  of C-7 unchanged. The para  s h i e l d i n g  e f f e c t  -2.4 ppm is 
s i m i l a r  i n  magnitude t o  t h a t  observed i n  o t h e r  aromatic  s t r u c t u r e s .  The complete 
ass ignments  are i n  Thole  11, a l o n g  wi th  t h o s e  f o r  t h e  s a t u r a t e d  carbons.  

The next  c l a s s  of  compounds which have been i n v e s t i g a t e d  are pyrenes and 
p a r t i a l l y  hydrogenated pyrenes.  The spectrum of 3-n-decylpyrene (XI) is included,  
a l though i t  i s  not  a hydroaromatic ,  t o  understand t h e  spectrum of 4-n-decyl-1,2,3,6,7,8- 
hexahydropyrene, and a l s o  t o  assess t h e  c o n t r i b u t i o n  of a mult i -nuclear  aromatic  
s t r u c t u r e  a long an a l k y l  cha in .  Shie ld ings  a t  carbons 1,5,6,7,8,9,10,13 and 1 4  a r e  
similar t o  those  f o r  t h e  corresponding carbons of pyrene (XVI). Amidst t h e  group of  
l i n e s  corresponding t o  a r o m a t i c  carbons d i r e c t l y  bonded t o  protons,  t h e r e  i s  a l i n e  
a t  125.0 ppm wi th  reduced i n t e n s i t y ,  which has  t o  be a s s o c i a t e d  wi th  qua ternary  
c e n t e r s  and we  th ink  t h a t  i t  corresponds to( f$y  l i n e  a t  124.5 ppm i n  t h e  spectrum of 
pyrene,  which is ass igned  t o  C-15 and C-16. The theory  p r e d i c t s  t h a t  C-15 and C- 
1 6  should have s i m i l a r  chemical  s h i f t  t o  o t h e r  br idgehead p o s i t i o n s .  
a b l e  t o  expla in  both of t h e s e  u p f i e l d  s h i f t s  wi th  a n  a n i s o t r o p i c  r i n g  c u r r e n t  i n  t h e  
p e r i p h e r a l  r ing  carbons. The l i n e  a t  t h e  lowes t  f i e l d ,  137.1 ppm, i s  ass igned  t o  C- 
3. The s h i e l d i n g  of C-2 i s  l i k e l y  t o  be s l i g h t l y  decreased and so t h e  l i n e  a t  126.3 
ppm is  assigned t o  i t .  
a g a i n  a t t r i b u t e d  t o  a y steric s h i f t .  
ppm. 
e f f e c t ,  and so t h e  l i n e  a t  128.5 ppm i s  ass igned  t o  i t .  
pprn i s  assigned t o  C-12. 

It is reason-  

The u p f i e l d  s h i f t  of 3.9 ppm a t  C-4, r e l a t i v e  t o  pyrene i s  
The remaining two l i n e s  are a t  128.5 and 129.6 

By d e f a u l t  t h e  l i n e  a t  129.6 
The s h i e l d i n g  of  C - 1 1  is expected t o  i n c r e a s e  by about  -2.5 ppm due t o  para  

We have s u f f i c i e n t  ev idence ,  cons idered  l a te r ,  t o  b e l i e v e  t h a t  the  di-plus  
t r i a r o m a t i c  f r a c t i o n  of hydrogenated pyrene c o n t a i n s  symmetric hexahydro and t e t r a -  
hydropyrenes. Symmetric te t rahydropyrene  i n  pure  form has  been s tudied  by u s  and by 
s u b t r a c t i o n ,  t h e  chemical  s h i f t  v a l u e s  f o r  carbons i n  symmetric hexahydropyrene have 
been obta ined .  This  i n f o r m a t i o n  i s  u t i l i z e d  i n  understanding t h e  spectrum of  4-n- 
decyl-1,2,3,6,7,8-hexahydropyrene (XII) .  I n  (XV) t h e  chemical s h i f t  v a l u e  f o r  t h e  
carbons  a t  p o s i t i o n s  4,5,9,10 i s  123.4 ppm. Alkyl s u b s t i t u t i o n  a t  C-4 has  least 
e f f e c t  on C-9 and C-10. and  so they  a r e  ass igned  t h e  v a l u e s  123.5 and 122.5 ppm, 
r e s p e c t i v e l y .  The o t h e r  l i n e  which w e  b e l i e v e  i s  due t o  a protonated a romat ic  carbon 
i s  a t  126 .1  and i s  a s s o c i a t e d  w i t h  C-5. 
Again, t h e  l i n e  at  t h e  lowest f i e l d  is  ass igned  t o  C-4. 
effect  should be less pronounced i n  t h i s  compound compared t o  pyrene; consequent ly ,  
t h e  s h i e l d i n g  of C-15 and C-16 is expected t o  be  comparable t o  o t h e r  br idgehead 
carbons .  
1 3  and 14.  

The s h i e l d i n g  i s  decreased more than expected.. 
The a n i s o t r o p i c  r i n g  c u r r e n t  

However, t h e  NOE i s  less a t  t h e s e  two c e n t e r s  compared t o  p o s i t i o n s  11, 12,  
The ass ignments  are given i n  Table  111. 

The assignment o f  v a l u e s  t o  s a t u r a t e  s ide-chain and r i n g  carbons i s  less 
complicated.  
t h o s e  f o r  r i n g  carbons a r e  included i n  Table  111. 

The v a l u e s  f o r  t h e  s ide-chain carbons are given i n  Table I V ,  w h i l e  
S h i f t s  f o r  s ide-chain carbons i n  



(XI) and ( X I I )  should be close and by comparing the spectrum of these two compounds 
upfield from 35 ppm, the lines due t o  hydroaromatic carbons are selected and their 
shielding should be comparable to corresponding carbons in symmetric hexahydropyrene, 
except for C-3. y steric shift, observed in other structures, increases its shield- 
ing. The chemical shift values for carbons in symmetric tetrahydropyrene are given 
in Table 111. 
hexahydropyrene and its values are also given in Table 111. 

I1 Compositional Analysis of Fractions 

The other compound that we have studied in this class is 1,2,3,9,10,11- 

From Hydrogenated Condensed Aromatics 

In our studies on induced dissolution of coal by hydrogen donor solvents, 
several solvents in bulk quantities were prepared. They can be divided into two 
classes. One, resulting from the hydrogenation of fairly pure aromatic compounds and 
the second, from the hydrogenation of coal and petroleum-derived oils. The major 
effort in this study was the separation the solvent and the reaction products into 
mono- and di-plus triaromatic fractions(*') and the examination of the fractions by 
different spectroscopic techniques to understand the reaction mechanism. Carbon-13 
spectra of some of the fractions from the hydrogenated phenanthrene and pyrene model 
solvents are considered here. The composition of the fractions, even after separation, 
is extremely complex due to unconverted parent aromatic compound or compounds and 
numerous products resulting from cracking. However, the major contributions to the 
intensities in the saturate region are from hydroaromatic hydrocarbons, facilitating 
their recognition in the mixture. 
be discussed in a future publication. 

The simplest system is di-plus triaromatic fraction of hydrogenated pyrene. 
In the region where saturated carbons absorb, three lines are observed at 31.4, 28.3, 
and 23.3 ppm. Resonance line positions of aromatic carbons are at 135.3, 134.0, 
130.6, 130.1, 127.0, 125.9, and 123.4 ppm. From our previous experience, it is 
obvious that the line at 28.3 ppm is due to the four equivalent saturated carbons of 
tetrahydropyrene and the other lines associated with this structure are in the 
spectrum. The line at 31.4 ppm is twice as intense as the line at 23.3 and the one 
at 123.4 ppm. which does not belong to symmetric tetrahydropyrene, splits into a 
doublet in the off-resonance experiment. These observations suggest that these three 
lines in the spectrum are due to symmetric hexahydropyrene and the resonance lines 
due to quaternary centers are at 134.0 and 130.1 ppm. The structure of this,compound 
is included in Figure 1 and complete assignments in Table 111. There is no evidence 
for the presence of unsymmetric hexahydropyrene, which can be recognized because of 
bridgehead saturated carbons in the structure. The spectrum of di-plus triaromatic 
fraction of hydrogenated phenanthrene is also complex. However, if weak lines are 
ignored and only intense lines are considered, they account for two structures: 9.10- 
dihydrophenanthrene and 1,2,3,4-tetrahydrophenanthrene. The spectrum of the mono- 
aromatic fraction also has several lines, but intense lines are due to symmetric 
octahydrophenanthrene. 
hydrogenation of phenanthrene are 9,10-dihydro-, 1,2,3,4-tetrahydro- and symmetric 
octahydro-derivatives. 
products are formed, some of which are due to ring openings. 

The analysis of real solvents is underway and will 

The major hydroaromatic hydrocarbons that are formed on 

But unlike in the case of pyrene, a large number of other 

It is accepted that the induced dissolution of coal is by hydrogen transfer 
from hydroaromatic hydrocarbons and so an effort was made to understand the carbon-13 
spectra of model compounds and solvents. 
prohibitively expensive to use pure compounds or model solvents as a source of 
hydrogen. 

In a large scale process, it would be 

Hydrogenated coal and/or petroleum-derived solvents are attractive 
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s u b s t i t u t e s .  
o i l s  and have i d e n t i f i e d  s e v e r a l  hydroaromatic s t r u c t u r e s  i n  them. However, t o  
unders tand  t h e  k i n e t i c s  of hydrogen t r a n s f e r  r e a c t i o n  and thereby f u r t h e r  improve t h e  
c o a l  s o l v a t i o n  process ,  t h e  r e s u l t s  have t o  be q u a n t i f i e d .  The c l i c h e  t h a t  carbon-13 
NMR spec t roscopy i s  a n a l y t i c a l l y  d i f f i c u l t  is no longer  t r u e .  Work is i n  progress  i n  
o u r  l a b o r a t o r y  t o  overcome some of t h e  problems i n h e r e n t  t o  q u a n t i t a t i v e  carbon NMR 
and i n i t i a l  r e s u l t s  are g r a t i f y i n g .  
ena ted  r e a l  s o l v e n t s ,  q u a n t i f i c a t i o n  of r e s u l t s  w i l l  be  t h e  s u b j e c t  of f u t u r e  r e p o r t s .  

We a r e  examining by carbon-13 NMR hydrogenated an thracene  and decant  

The composi t ion of hydrogenated and unhydrog- 

EXPERIMENTAL 

M a t e r i a l s  

Compounds I and V I 1  were obta ined  from Aldr ich  Chemical Company, Inc .  and 
compound X I 1 1  from K and K Labora tor ies ,  Inc .  Compound X is an AF’I r e f e r e n c e  mater- 
i a l .  Compounds I V ,  V and V I 1 1  were s p e c i a l l y  prepared f o r  us by Oklahoma S t a t e  
U n i v e r s i t y .  
U n i v e r s i t y .  A l l  compounds and s o l v e n t s  were used wi thout  p u r i f i c a t i o n .  

Spec t ra  

The r e s t  were drawn from t h e  hydrocarbon bank of Pennsylvania  S t a t e  

Nuclear magnet ic  resonance s p e c t r a  of 1 3 C  i n  n a t u r a l  abundance were obtained 
by t h e  pulsed FT technique  a t  20 MHz on a Varian CFT-20 spec t rometer ,  which is equip- 
ped w i t h  620/L computer wi th  16K memory. 
f i c i e n t  number of t r a n s i e n t s  have been accumulated, were smoothed wi th  an  exponent ia l  
f u n c t i o n  and Four ie r  t ransformed.  Samples were s t u d i e d  i n  8 m OD tubes  a t  a concen- 
t r a t i o n  corresponding t o  about  200 mg i n  a t o t a l  volume of 1 . 4  m l  and a t  a probe 
temperature  of 36°C. 
used a s  a f ie ld- f requency  l o c k  and chemical s h i f t s  a r z ’ i n  ppm downfield from i n t e r n a l  
TMS. 
l a t e r  as t h e  s i t u a t i o n  demanded, off-resonance decoupl ing and suppressed NOE s p e c t r a  
were obta ined  t o  f a c i l i t a t e  s p e c t r a l  ass ignment .  

The f r e e  i n d u c t i o n  decays ,  a f t e r  a s u f -  

The s o l v e n t  was i n v a r i a b l y  C D C l  The d e u t e r a t e d  s o l v e n t  w a s  

The i n i t i a l  spectrum i n  each c a s e  was obta ined  w i t h  p ro ton  n o i s e  decoupl ing;  

4 4  
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Table I 

1 3 C  SHIELDINGS FOR R I N G  AND SIDE CHAIN CARBONS I N  I - V I  (6' FROM TMS) 

Compound 

Position 

c- 1 
c-2 
c- 3 
c-4 
C-4a 
c- 5 
C- 6 
c-7 
C-8  
C-8a 
c- 2a 
C-26 
c-2y 
c-26 
C-8a 
C-8B 
c-8y 
C-86 
C-8E 
C-85 

I I1 

129.0 129.0 
125.4 139.8 
125.4 125.7 
129.1 129.0 
136.9 134.1 

29.4 29.5 
23.4 23.6 
23.4 23.6 
29.4 29.1 

136.9 136.6 
35.4 
34.0 
22.6 
14.0 

- -  111 
128.5 
139.7 
125.6 
128.8 
134.0 

29.5 
20.1 
27.6 
37.2 

141.2 
35.5 
34.0 
22.5 
14.0 
37 .7  
27.7 
29.7 
32.1 

1 4 . 1  

- 

22.8 

Table  I1 

I V  

126.5 
126.0 
125.3 
129.1 
135.6 

30.9 
20.0 
39.6 
33.7 

145.3 

- 

31.9 

V 

127.0 
125.5 
125.0 
129.0 

30.8 
19 .8  
30.8 
40.1 

143.3 

137.8 

34.4 
8.7 

V I  

126.8 
125.6 
125.0 
129.0 
137.4 

30.9 
20.0 
32.1 
39.8 

143.9 

- 

42.7 
26.6 
23.7 
14 .1  

13C SHIELDINGS FOR RING AND -CH3 CARBONS I N  V I I - X  (6' FROM TMS) 

P o s i t i o n  

c-1 
c-2 
c- 3 
c-4 
C-4a 
C-4b 
c-5 
C- 6 
c- 7 

C-8a 
c- 9 
c-10 
C - l o a  
c-4a 
C-5a 

c-a 

Compound 

X - IX - - V I 1  V I 1 1  

127.2 
126.8 
128.0 
123.6 
137.1 
137.1 
123.6 
128.0 
126.8 
127.2 
134.4 

28.9 
28.9 

134.4 

30.2 
23.8 
23.2 
26.3 

134.0 
134.0 

26.3 
23.2 
23.8 
30.2 

134.8 
126.5 
126.5 
134.8 

124.3 
126.4 
129.0 
141.3 
134.7 
134.7 
141.3 
129.0 
126.4 
124.3 
135.1 
31.5 
31.5 

135.1 
20.6 
20.6 

30.3 
23.2 
22.9 
25.5 

132.7 
131.2 
122.7 
125.5 
125.6 
128 .1  
132.2 
124.4 
128.3 
133.9 
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Table  I11 

1 3 C  SHIELDINGS FOR R I N G  CARBONS I N  XI-XVI (6' FROM TMS) 

Compound 

P o s i t  ion  

c-1 
c-2 
c-3 
c-4 
c- 5 
C- 6 
c-7 
C- 8 
c-9 
c-10 
c-11 
c-12 
C-13 
C-14 
C-15 
C-16 

X I  

124.5 
126.3 
137.1 
123.3 
127.4 
124.6 
125.5 
124.6 
127.0 
127.0 
128.5 
129.6 
131.4 
130.9 
125.0 
125.0 

X I  I 

30.9 
23.2 
27.4 

135.6 
126.1 

31.5 
23.3 
31.5 

123.5 
122.5 
133.5 
130.3 
133.9 
133.8 
130.5 
129.0 

X I 1 1  

125.8 
126.9 
125.8 

28.2 
28.2 

125.8 
126.9 
125.8 

28.2 
28.2 

135.2 
135.2 
135.2 
135.2 
130.4 
130.4 

X I V  

30.9 
22.8 
31.1 

127.5 
124.2 
124.3 
125.6 
125.5 

29.9 
30.6 
37.6 

136.0 
134.3 
131.3 
132.2 
129.6 

XV X V I  

31.4 124.8 
23.3 125.7 
31.4 124.8 

123.4 127.2 
123.4 127.2 

31.4 124.8 
23.3 125.7 
31.4 124.8 

123.4 127.2 
123.4 127.2 
134.0 131.0 
134.0 131.0 
134.0 131.0 
134.0 131.0 
130.1 124.5 
130.1 124.5 

Table  I V  

13c SHIELDI~GS FOR SIDE CHAIN CARBONS IN XI AND XII 

( FROM TMS) 

Compound 

P o s i t i o n  X I  X I  I - -  
* cc-1 

cc-2 
cc-3 
cc-4 
cc-5 
CC-6 
cc-7 
cc-8 
cc-9 
cc-10 

33.5 33.4 
31.8 31.5 
29.8 29.9 
29.6 29.7 
29.6 29.7 
29.6 29.7 
29.3 29.4 
31.9 31.9 
22.: 22.7 
14.1 14 .1  

---_----_ 
* 

CC-1 is t h e  first carbon a t o  t h e  r i n g .  
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Mult ie lementa l  Analys is  Using Pro ton  Induced Photon Emission 

P. C.  Simms, F.  A .  Rickey, and K .  A .  Mueller  

Department of Phys ics ,  Purdue Univers i ty ,  W .  L a f a y e t t e ,  Ind iana  47907 

Energe t ic  protons from a n u c l e a r  a c c e l e r a t o r  can be  used t o  provide 
q u a n t i t a t i v e  a n a l y s i s  f o r  most e lements  from L i  t o  Pu. The sample i s  prepared as a 
t h i n  f i l m  and bombarded wi th  protons t o  produce monoenergetic x rays  and y rays 
from a l l  e lements  i n  t h e  sample. 
devices  a r e  used t o  d e t e c t  x rays  and y rays ,  r e s p e c t i v e l y .  
r a d i a t i o n  i d e n t i f i e s  t h e  element and t h e  i n t e n s i t y  determines t h e  c o n c e n t r a t i o n  o f  
t h e  element i n  t h e  sample. A PDP 15/45 on- l ine  computer i s  used t o  process  d a t a  
from one sample whi le  d a t a  i s  be ing  accumulated from t h e  next  sample. The a n a l y s i s  
r e s u l t s  a r e  a v a i l a b l e  from t h e  computer a t  approximately t h e  same t i m e  t h a t  new 
d a t a  accumulation i s  f i n i s h e d .  

Energy s e n s i t i v e  S i -Li  and Ge-Li semiconductor 
The energy o f  t h e  

Proton e x c i t a t i o n  provides  b e t t e r  s e n s i t i v i t y  than  e l e c t r o n  e x c i t a t i o n  
because t h e  y i e l d  of c h a r a c t e r i s t i c  x rays  compared t o  background r a d i a t i o n  i s  
h igher .  
can be obta ined  f o r  a much l a r g e r  group of elements i n  a s i n g l e  measurement. I n  
a d d i t i o n ,  t h e  l i g h t  e lements  L i ,  B ,  F ,  N a ,  Mg, A l ,  and S i  can  be d e t e c t e d  by y- ray  
emission fol lowing n u c l e a r  e x c i t a t i o n .  

Protons have an advantage over  x-ray e x c i t a t i o n  because good s e n s i t i v i t y  

The broad e lementa l  range of  Proton Induced X-ray Emission (PIXE) occurs  
because t h e  product ion of  c h a r a c t e r i s t i c  x rays  i s  very l a r g e  i n  t h e  energy r e g i o n  
where t h e  background r a d i a t i o n  i s  maximum. 
r a d i a t i o n  comes from showers of e l e c t r o n s  which a r e  r e l e a s e d  when a pro ton  s t r i k e s  
t h e  t a r g e t .  These e l e c t r o n s  s t o p  i n  t h e  t a r g e t  and produce a cont inuous x-ray 
spectrum c a l l e d  Bremmstrahlung o r  brak ing  r a d i a t i o n .  The Bremsstrahlung i n t e n s i t y  
decreases  r a p i d l y  a s  a f u n c t i o n  of  energy and i s  e s s e n L i a l l y  n e g l i g i b l e  above 10 
keV f o r  4 M e V  i n c i d e n t  protons.  The background a t  h igher  energy i s  p r i m a r i l y  due  
t o  nuc lear  y rays  which o c c a s i o n a l l y  i n t e r a c t  wi th  t h e  x- ray  d e t e c t o r .  
p r o b a b i l i t y  f o r  K x-ray emission a l s o  decreases  with t h e  atomic number of  t h e  
element ,  b u t  t h e  x ray  y i e l d  i s  s t i l l  s a t i s f a c t o r y  up t o  t h e  r a r e - e a r t h  e lements  
because t h e  background i s  so small .  Elements h e a v i e r  than La a r e  d e t e c t e d  by L 
x r a y s .  The L x-ray y i e l d s  f o r  t h e  r a r e - e a r t h s  are good but  t h e i r  energy f a l l s  i n  
t h e  region of r e l a t i v e l y  h igh  Bremsstrahlung so t h e  s e n s i t i v i t y  i s  poorer  than f o r  
o t h e r  reg ions .  For  h e a v i e r  elements t h e  L x rays occur  above t h e  Bremsstrahlung so  
t h e  s e n s i t i v i t y  i s  a g a i n  e x c e l l e n t .  The background i n  t h e  y- ray  d e t e c t o r  depends 
on t h e  major components i n  t h e  sample. For example, l a r g e  q u a n t i t i e s  of Na o r  Cu 
i n  t h e  sample can  produce r e l a t i v e l y  i n t e n s e  y- ray  background. 

The primary s o u r c e  of  background 

The 

Sample prepara t ion .  S o l i d  samples are u s u a l l y  ground t o  a f i n e  powder u s i n g  
Agate components i n  a v i b r a t i n g  m i l l  o r  a mor ta r  and p e s t l e .  A few mi l l ig rams o f  
t h e  f i n e  powder i s  placed on a t h i n  p l a s t i c  f i l m  (2 .5  x mm t h i c k )  and weighed 
wi th  a micro-balance. A few drops of l i q u i d  p l a s t i c  a r e  added and t h e  sample i s  
s t i r r e d  with a p l a s t i c  rod t o  make a uniform suspension of  t h e  f i n e  powder. When 
t h e  p l a s t i c  s o l v e n t  evapora tes ,  t h e  sample is f i rmly  a t t a c h e d  t o  t h e  backing i n  a 
l i g h t  weight mat r ix .  The sample uniformly covers  a 16 mm d iameter  c i r c l e .  The 
p l a s t i c  f i l m  wi th  sample i s  mounted i n  a 35  nun photography s l i d e  frame. 
i s  n o t  damaged i n  t h e  bombardment so it can  a l s o  be s t u d i e d  with o t h e r  techniques .  
Thin samples a r e  p r e f e r a b l e  t o  minimize x- ray  absorp t ion  and t o  avoid c o r r e c t i o n s  
due t o  slowing down of  t h e  protons i n  t h e  sample. However, t h i c k  s o l i d  samples can 
be analyzed wi th  s l i g h t l y  poorer  s e n s i t i v i t y  and accuracy.  M a t e r i a l s  desolved i n  
an aqueous sample can a l s o  be depos i ted  on  t h i n  f i l m s  f o r  a n a l y s i s .  

The sample 

Targe t  bombardment chamber. The pro ton  beam passes  through a 2.5 x lom3 mm 
A 1  f o i l  loca ted  3 meters  i n  f r o n t  of t h e  t a r g e t  t o  d i f f u s e  t h e  beam and ensure  t h a t  
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t h e  proton bombardment i s  uniform over  t h e  t a r g e t  a r e a .  The beam i s  r e s t r i c t e d  
wi th  a s e r i e s  of c o l l i m a t o r s  t o  ensure  t h a t  t h e  protons can only  s t r i k e  t h e  sample 
and t h e  t h i n  s u p p o r t  f i lm.  Carbon o r  p l a s t i c  f i l m s  a r e  used t o  cover  a l l  meta l  
p a r t s  of t h e  chamber t h a t  might be  s t r u c k  by protons s c a t t e r e d  from o r  pass ing  
through t h e  t a r g e t .  Bombardments a r e  performed i n  vacuum. Eighty  t a r g e t s  a r e  h e l d  
i n  t h e  c i r c u l a r  s l i d e  t r a y  of  a modified 35 nun s l i d e  p r o j e c t o r .  The t a r g e t  t o  b e  
bombarded i s  dropped i n t o  t h e  proton beam by t h e  automatic  mechanism of t h e  
p r o j e c t o r .  A v a r i e t y  of f i l t e r s  can be i n s e r t e d  between t h e  t a r g e t  and t h e  
d e t e c t o r  by remote c o n t r o l  t o  reduce the  i n t e n s i t y  of abundant x rays  which would 
i n t e r f e r e  w i t h  t h e  a n a l y s i s  of t r a c e  elements .  The x rays  pass  through a 0.025 m 
p l a s t i c  window on t h e  t a r g e t  chamber and a 0.025 nun Be window on t h e  d e t e c t o r  
c r y o s t a t .  

Detector  and e l e c t r o n i c s .  A S i - L i  d e t e c t o r  (1 cm diameter  and 3 nun t h i c k )  
provides  170 e V  energy  r e s o l u t i o n  f o r  5.9 keV x rays .  
provides  2.0 keV r e s o l u t i o n  f o r  1.33 MeV y rays .  
absorbed i n  t h e  d e t e c t o r ,  a l l  of t h e  x-ray energy i s  converted i n t o  an e l e c t r i c a l  
p u l s e .  However it is a l s o  p o s s i b l e  f o r  a S i  x r a y ,  c r e a t e d  i n  t h e  d e t e c t i o n  
process ,  t o  escape  from t h e  d e t e c t o r .  These " s i l i c o n  escape" events  c r e a t e  f a l s e  
peaks i n  t h e  x- ray  spectrum. I t  i s  a l s o  p o s s i b l e  f o r  e l e c t r o n s  r e l e a s e d  i n  t h e  
d e t e c t o r  process  t o  leave  t h e  s u r f a c e  of t h e  d e t e c t o r .  These events  produce a 
smal l  t a i l  on the  low energy s i d e  of peaks i n  t h e  x-ray spectrum. The computer 
must be a b l e  t o  c o r r e c t  f o r  t h e s e  two imperfec t ions  i n  t h e  d e t e c t o r  response  i n  
o r d e r  t o  g e t  a c c u r a t e  a n a l y t i c a l  r e s u l t s .  

A 40 cm3 Ge-Li d e t e c t o r  
Normally when an x r a y  i s  

The e l e c t r i c a l  s i g n a l  from t h e  d e t e c t o r  i s  ampl i f ied  and passed through a 
n o i s e  f i l t e r  which is e s s e n t i a l  f o r  good energy r e s o l u t i o n .  F i f t y  microseconds a r e  
r e q u i r e d  f o r  t h e  n o i s e  f i l t e r  t o  process  each x r a y  pulse .  I f  a second x r a y  i s  
d e t e c t e d  w h i l e  t h e  f i l t e r  s t i l l  conta ins  a preceding x r a y ,  t h e  energy of both x 
r a y s  i s  d i s t o r t e d .  This  problem i s  g r e a t l y  reduced i n  our  system by swi tch ing  t h e  
pro ton  beam o f f  of the t a r g e t  s h o r t l y  a f t e r  the  f i r s t  x ray  i s  d e t e c t e d .  A s  soon 
a s  t h e  noise  f i l t e r  h a s  processed t h e  x r a y  pulse ,  the  beam i s  a u t o m a t i c a l l y  
r e t u r n e d  t o  t h e  t a r g e t  t o  produce a new x ray .  

Even though the beam swi tch ing  t ime i s  less than 0.5 p s e c ,  t h e r e  i s  s t i l l  a 
s m a l l  p r o b a b i l i t y  t h a t  a second x r a y  w i l l  b e  produced b e f o r e  t h e  beam i s  removed 
from t h e  t a r g e t .  When two x ray  pulses  p i l e  up i n  t h e  f i l t e r  a s i n g l e  p u l s e  i s  
produced which cor responds  t o  t h e  sum of t h e  energy of t h e  two x rays .  We have 
developed a c i r c u i t  which recognizes  p i l e - u p  events  and r e j e c t s  them u n l e s s  t h e  
second x r a y  i s  e m i t t e d  w i t h i n  0.05 p s e c  of the f i r s t  x ray .  
"simultaneous" p i l e - u p  e v e n t s  a r e  r a r e ,  s o  they u s u a l l y  do n o t  p r e s e n t  a s i g n i f i -  
c a n t  l i m i t  on the  a n a l y s i s .  

These remaining 

The t a s k  of  s e p a r a t i n g  events  which come from two x r a y s  of s i m i l a r  energy 
i s  g r e a t l y  s i m p l i f i e d  i f  t h e  energy c a l i b r a t i o n  of t h e  e l e c t r o n i c  system i s  very  
s t a b l e .  The energy c a l i b r a t i o n  i s  always a f u n c t i o n  of t h e  count ing r a t e  i n  t h e  
d e t e c t o r .  Our system has c o r r e c t i o n  c i r c u i t s  (Kevex Model 4532P P u l s e  Processor )  
which l i m i t  t h e  c a l i b r a t i o n  v a r i a t i o n  t o  less than  0.01% f o r  count ing  r a t e s  up t o  
104 x rays p e r  second.  

The proton beam i s  co l l imated  so t h a t  a l l  p ro tons  which e n t e r  t h e  t a r g e t  
chamber must pass through t h e  t a r g e t .  The t o t a l  charge which i s  accumulated i n  t h e  
chamber dur ing  a measurement i s  recorded by a d i g i t a l  c u r r e n t  i n t e g r a t o r  (Ortec 
Model 439) and s t o r e d  i n  t h e  computer. The q u a n t i t y  of charge on each pro ton  i s  
w e l l  known, so t h e  computer conver t s  t h e  t o t a l  charge  i n t o  number of pro tons  
pass ing  through t h e  sample. The computer a l s o  c o r r e c t s  f o r  t h e  number of events  
l o s t  due t o  p i l e - u p  ( t y p i c a l l y  less than 3%). 
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Computer processing.  The a n a l y s i s  process  i s  monitored and t h e  computer i s  
c o n t r o l l e d  with an i n t e r a c t i v e  video d i s p l a y .  The f i r s t  s t e p  i n  t h e  a n a l y s i s  
process  i s  t o  s u b t r a c t  background r a d i a t i o n .  Many experimental  background spectrum 
a r e  s t o r e d  on a magnetic d i s k .  The o p e r a t o r  s e l e c t s  a background spectrum which 
r e p r e s e n t s  t h e  h o s t  m a t e r i a l  of t h e  t a r g e t  being analyzed.  The computer a d j u s t s  
t h e  background t o  match t h e  t a r g e t  inc luding  t h e  e f f e c t  of  t h e  p e a k - t a i l s  descr ibed  
above. 
t h e  experimental  d a t a .  Usual ly ,  t h e  computer genera ted  background a c c u r a t e l y  
descr ibes  t h e  a c t u a l  background from t h e  sample, b u t  t h e  o p e r a t o r  can i n s t r u c t  t h e  
computer t o  r e f i n e  t h e  background by c o n t a c t i n g  t h e  d i s p l a y  with a " l i g h t  pen". 

The background is then  d isp layed  on  t h e  video monitor  a s  a n  over lay  on 

The computer a l s o  has  s t o r e d  experimental  d a t a  which d e s c r i b e  t h e  shape and 
t h e  p o s i t i o n  of t h e  c h a r a c t e r i s t i c  x-ray peaks i n  t h e  spectrum. 
imperfec t ions  i n  t h e  d e t e c t o r  response a r e  smal l ,  they can be important  f o r  l a r g e  
peaks. The computer l o c a t e s  la rge  peaks and i d e n t i f i e s  t h e i r  t a i l s  and t h e  f a l s e  
peaks t h a t  a r e  produced by Si -escape  x rays .  Very l a r g e  peaks can a l s o  produce 
f a l s e  peaks due t o  s imultaneous p i le -up .  The computer inc ludes  t h e s e  ref inements  
and performs a l e a s t  square  f i t  t o  t h e  d a t a  t o  determine t h e  number of  x r a y s  a t  
each energy of  i n t e r e s t .  
knowledge of  t h e  shape of t h e  c h a r a c t e r i s t i c  x- ray  peaks, and t h e  c a r e f u l  t reatment  
of imperfec t ions  and f a l s e  peaks a r e  a l l  e s s e n t i a l  f a c t o r s  f o r  a c c u r a t e  a n a l y t i c a l  
r e s u l t s .  

Even though t h e  

The s t a b i l i t y  of t h e  energy c a l i b r a t i o n ,  t h e  advanced 

A t y p i c a l  spectrum f o r  t h e  lower energy p o r t i o n  of a c o a l  a s h  sample i s  
shown i n  F i g u r e  1. The r e s u l t s  of  t h e  computer f i t  i s  d isp layed  on  t h e  video 
monitor  as  an over lay  on t h e  d a t a .  
which has been missed o r  i n c o r r e c t l y  i n s e r t e d  and i n s t r u c t  t h e  computer wi th  t h e  
l i g h t  pen t o  r e f i n e  t h e  f i t  t o  the  d a t a .  

The o p e r a t o r  can e a s i l y  recognize any element 

Most e lements  e m i t  two o r  more x r a y s  ( f o r  example, n o t i c e  t h e  two peaks 
from S r  i d e n t i f i e d  i n  F igure  1). The r e l a t i v e  heighcs of  t h e s e  peaks have a l l  been 
measured exper imenta l ly  f o r  s i n g l e  element c a l i b r a t i o n  t a r g e t s .  The computer 
checks t h a t  t h e  f i t  to t h e  sample d a t a  agrees  with t h e s e  s tandards .  
a l s o  looks f o r  p o s s i b l e  sources  of e r r o r  due t o  two x rays  which have approximately 
t h e  same energy. A l l  of t h i s  information i s  p r i n t e d  out  f o r  t h e  o p e r a t o r  t o  
e v a l u a t e  t h e  r e l i a b i l i t y  of  t h e  a n a l y s i s .  

The computer 

A f t e r  t h e  o p e r a t o r  has  approved t h e  a n a l y s i s  of a sample, t h e  computer u s e s  
t h e  number of protons passed through t h e  t a r g e t  and s t o r e d  c a l i b r a t i o n  t a b l e s  f o r  
t h e  proton energy and f i l t e r  condi t ions  t o  determine the  weight of each element i n  
t h e  sample. These weights  a r e  d iv ided  by t h e  t o t a l  sample weight t o  c a l c u l a t e  the 
f r a c t i o n a l  weight of  each element. 

System c a l i b r a t i o n .  The b a s i c  r e l a t i o n  which must be known t o  o b t a i n  
a n a l y t i c  r e s u l t s  i s  t h e  number of  x rays  d e t e c t e d ,  per  u n i t  of pro tons ,  p e r  u n i t  
of  weight o f  t h e  element. This  x- ray  y i e l d  has  been measured f o r  a f i x e d  d e t e c t o r  
p o s i t i o n ,  f o r  each proton energy, and each f i l t e r  condi t ion .  Thin f i l m  c a l i b r a t o r s  
( t y p i c a l l y  100 ILgrarns/cm2) are used so  t h a t  i t  i s  n o t  necessary  t o  c o r r e c t  f o r  
slowing down of t h e  protons o r  x-ray a b s o r p t i o n  i n  t h e  c a l i b r a t o r s .  T h i r t y  m e t a l  
f i l m s  of known weight depos i ted  on Mylar were obta ined  from Micromater I n c .  
f i v e  c a l i b r a t o r s  were made i n  our  l a b o r a t o r y  from commercial atomic a b s o r p t i o n  
l i q u i d  s tandards .  The x-ray y i e l d  i s  a s lowly  varying f u n c t i o n  of atomic number. 
The r e s u l t s  of  y i e l d  measurements f o r  each proton energy and f i l t e r  c o n d i t i o n  were 
l e a s t  square  f i t  t o  a n  a l g e b r a i c  f u n c t i o n  t o  o b t a i n  y i e l d  curves  f o r  a l l  elements  
from A 1  t o  Pu. The RMS d e v i a t i o n  of  t h e  i n d i v i d u a l  measurements around t h e  b e s t -  
f i t  func t ion  was t y p i c a l l y  3%. Gamma-ray y i e l d s  were measured f o r  each l i g h t  
element t h a t  i s  d e t e c t e d  by y rays.  

T h i r t y  
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Limi ta t ions  t o  a n a l v s i s .  A s  noted above t h e  x-ray count ing  rate i s  l i m i t e d  
by t h e  n o i s e  f i l t e r  which i s  e s s e n t i a l  f o r  good energy r e s o l u t i o n .  Thus t h e  number 
of  x rays  t h a t  can be  observed from t r a c e  elements  i n  a f i x e d  t i m e  per iod  w i l l  be  
l i m i t e d  by i n t e n s e  r a d i a t i o n  from an abundant element. Analysis  c o s t  a r e  d i r e c t l y  
e f f e c t e d  by bombardment t i m e ,  so t h e  most p r a c t i c a l  s o l u t i o n  is  t o  reduce t h e  
i n t e n s i t y  o f  the  dominant r a d i a t i o n  wi th  a n  absorber .  Energy s e l e c t i v e  f i l t e r s  
can be u s e f u l  f o r  s p e c i a l  problems, b u t  t h e  b e s t  g e n e r a l  technique i s  t o  s e l e c t  a 
material where t h e  p r o b a b i l i t y  of a b s o r p t i o n  decreases  r a p i d l y  wi th  i n c r e a s i n g  
energy.  The unwanted x ray  can be c o n t r o l l e d ,  b u t  a l l  lower energy x rays  w i l l  be  
l o s t .  However, h igher  energy x rays w i l l  b e  r e t a i n e d  wi th  minimum loss.  Carbon 
i s  a good f i l t e r  m a t e r i a l  and it i s  convenient ly  a v a i l a b l e  i n  t h i n  p l a s t i c  f i l m s .  

For c o a l  samples we  d e t e c t  a l l  e lements  h e a v i e r  than  Fe wi th  4 M e V  protons 
and a 5 mm t h i c k  p l a s t i c  f i l t e r  t o  absorb Fe  x rays .  Elements from A 1  t o  Fe  a r e  
observed i n  a s e p a r a t e  measurement wi th  2 . 5  MeV pro tons .  There i s  some x-ray 
absorp t ion  due t o  t h e  windows which s e p a r a t e  t h e  t a r g e t  and d e t e c t o r .  It would n o t  
be  d e s i r a b l e  t o  e l i m i n a t e  t h e s e  windows because they prevent  s c a t t e r e d  protons 
from reaching  t h e  x-ray d e t e c t o r .  
l i m i t  t h e  d a t a  ra te  t h a t  can be obta ined  f o r  l i g h t  e lements .  However, l i g h t  
e lements  a r e  f r e q u e n t l y  r e l a t i v e l y  abundant and t h e i r  x-ray y i e l d s  are l a r g e  so 
good r e s u l t s  can be obta ined  f o r  most e lements .  

The h i g h  i n t e n s i t y  x r a y s  from Fe  and S i n  c o a l  

I n  some cases  an i n t e n s e  x ray  from and abundant element o r  a f a l s e  peak 
due t o  s imultaneous p i le -up  w i l l  have approximately t h e  same energy as  a low 
i n t e n s i t y  x ray  from a t r a c e  element .  Then t h e  s e n s i t i v i t y  f o r  t h a t  t r a c e  element 
w i l l  be l imi ted  t o  a f r a c t i o n  of  t h e  abundant e lement .  These l i m i t a t i o n s  are 
p r e d i c t a b l e  s o  they  can  be included i n  t h e  s p e c i f i c a t i o n s  f o r  PIXE a n a l y s i s .  

Detect ion l i m i t s .  The s e n s i t i v i t y  i s  determined pr imar i ly  by t h e  t i m e  t h a t  
t h e  t a r g e t  i s  exposed t o  t h e  proton beam. Other  s i g n i f i c a n t  f a c t o r s  a r e  background 
r a d i a t i o n ,  t h e  presence of e lements  i n  h igh  concent ra t ion ,  and energy i n t e r f e r e n c e  
for a few elements. The d e t e c t i o n  l i m i t  i s  r e l a t i v e l y  poor f o r  P (approximately 
250 ppm) but  i t  r a p i d l y  improves t o  approximately 2 ppm f o r  C r ,  Mn, and Fe. The 
d e t e c t i o n  l i m i t  i s  approximately 1 ppm f o r  most e lements  from Co t o  I ,  approxi-  
mately 10 ppm f o r  t h e  rare-earth e lements ,  and t y p i c a l l y  3 ppm f o r  t h e  heavy metals 
up t o  Pu. The d e t e c t i o n  l i m i t  us ing  y rays f o r  t h e  l i g h t  elements L i ,  B ,  F ,  Na, 
Mg, A l ,  and S i  is u s u a l l y  a few ppm. 

Resul t s  ob ta ined  f o r  t h e  a n a l y s i s  of  NBS s tandard  r e f e r e n c e  m a t e r i a l  
1632 (coa l )  a r e  g iven  i n  Table  1. The c o s t  f o r  t h i s  type of a n a l y s i s  would be 
$30 t o  $80 p e r  sample depending on t h e  number of  samples t h a t  were analyzed.  

In summary, PLXE i s  a powerful technique  f o r  mul t ie lementa l  a n a l y s i s  of a 
wide v a r i e t y  of samples. Very l i g h t  e lements  can be observed by d e t e c t i n g  y rays  
and x rays i n  t h e  same experiment. Although t h e  o r i g i n a l  c o s t  of t h e  equipment i s  
very  l a r g e ,  t h e r e  a r e  many l a b o r a t o r i e s  which a l r e a d y  have t h e  requi red  f a c i l i t i e s .  
A f t e r  t h e  system i s  developed t h e  c o s t  o f  a n a l y s i s  is  low compared t o  o t h e r  
mul t ie lementa l  techniques of comparable s e n s i t i v i t y .  
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Table 1 

Analysis  of  NBS Standard Reference M a t e r i a l  1632 (Coal) by PIXE 

R e s u l t s  g iven  i n  p a r t s  per  m i l l i o n  by weight 

Purdue NBS 
PIXE Value 

N hN N AN 
Element 

R e s u l t  Uncer ta in ty  

A 1  17600 1500 
S i  34000 4000 32000 
S 11300 1000 
c1 850 80 
K 2540 250 
C a  3500 300 
T i  890 90 800 
V 35  3 35 3 
C r  17 3 20.2 . 5  
Mn 36 3 40 3 
F e  7900 800 8700 300 
c o  10 6 6 
N i  15.6 1.5 15 1 
cu 16 1.5 18 2 
Zn 33 3 37 4 
Ga 5.3 0.5 
G e  2.4 0.3 
A s  5.0 1 5.9 .6 
S e  3.0 .3 2.9 . 3  
Br 20.5 1 
Rb 18.9 1 
Sr 140 10 
Y 7.5 .5 
Z r  35.5 1.5 
Nb 2 .2  0.5 
Mo 2.2 0.5 
Ag h .3 5: 0.1 
Cd 0.5 0.3 .19 .03 
Sb 3.0 1 
Ba 3 10 30  
La 15 5 
Hg < 1  .12 .02 
Pb 23 4 30 9 
Th 3.7 1 3.0 
u 2 . 1  1 1.4 .1 
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SIMULTANEOUS DETERMINATION OF MAJOR, MINOR AND TRACE CONSTITUENTS IN COAL ASH 
BY INDUCTIVELY COUPLED PLASMA-ATOMIC EMISSION SPECTROSCOPY. V. A. Fassel, 

E. M. Layton, and E. L .  DeKalb, Ames Laboratory-ERDA and Department of Chemistry, 
Iowa State University, Ames, Iowa 50011 

The present status of the simultaneous determination of major, minor, and trace 
elemental constituents in coal ash by the inductively coupled plasma-atomic emission 
spectroscopy technique will be reviewed. The coal ash samples are brought into 
solution either by lithium metaborate fusion or by a perchloric-nitric-hydrofluoric 
acid dissolution procedure. The relative merits of these two procedures will be 
discussed. Linear analytical calibration curves covering concentration ranges of 
three or more decades are obtained. Corrections for stray light effects may be 
required unless these background contributions are reduced to negligible proportions 
through the selection of appropriate gratings and for the use of interference filters. 
Analytical data in reference coal samples will be discussed. 
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Comparison of  Atomic Absorpt ion and D . C .  Plasma-Arc Spectrometry i n  Multi-Element 
Analysis  of Coal 

Norman H. Suhr and Henry Gong 

Mineral C o n s t i t u t i o n  L a b o r a t o r i e s ,  310 Mineral  Sc iences ,  The Pennsylvania  State  Uni- 
v e r s i t y ,  Univers i ty  Park ,  PA 16802 

A s  p a r t  of a p r o j e c t  a t  The Pennsylvania  S t a t e  U n i v e r s i t y  t o  c h a r a c t e r i z e  t h e  in-  
organic  c o n s t i t u e n t s  of American c o a l s ,  an a n a l y t i c a l  scheme was developed whereby 
most of the major and minor e lements  ( S i ,  A l ,  Fe, Ca, Mg, T i ,  Mn, N a ,  K) i n  high 
temperature (75OOC) c o a l  ashes  were determined by atomic a b s o r p t i o n  spectrophotometry 
(A.A.S.) and most of t h e  t r a c e  elements  (Ba, B e ,  Co, C r ,  Ga, Ge, La, Mo, N i ,  Pb, Sc,  
Sn, S r ,  V ,  Y ,  Yb and Z r )  determined by d . c .  arc emission spec t rography.  However, 
a f t e r  t h e  a c q u i s i t i o n  of  a d . c .  a rgon  plasma spec t rometer ,  a s tudy  was conducted t o  
determine whether t h i s  ins t rument  w a s  capable  of assuming some of t h e  f u n c t i o n s  of 
t h e  atomic a b s o r p t i o n  u n i t  o r  emission spectrograph.  This  w a s  done because emission 
spectrometry o f f e r s  many advantages over  A.A.S. and convent iona l  emiss ion  spectro-  
scopy, p r i m a r i l y  i n  t h e  a r e a  of r a p i d  a n a l y s i s  of sample. Whereas i n  A . A . S . ,  only 
one element can  be determined a t  a t i m e ,  emission spectrometry has  t h e  c a p a b i l i t y  
of performing s imultaneous multi-element de te rmina t ions  (up t o  18  a t  one t i m e  f o r  
t h e  instrument  i n  t h i s  s t u d y ) .  I n  a d d i t i o n ,  t h e  emission spec t rometer ,  u n l i k e  t h e  
emission spec t rograph ,  has  a d i r e c t  numerical  readout  which i s  much more amenable 
t o  e f f i c i e n t  d a t a  handl ing  and manipula t ion  than  t h e  convent iona l  photographic  
p l a t e s .  T h i s ,  i n  t u r n ,  coupled wi th  a more s t a b l e  e x c i t a t i o n  source ,  l e a d s  t o  
g r e a t e r  p r e c i s i o n  among d i f f e r e n t  sets of d a t a .  A d d i t i o n a l l y ,  t h e  s u p e r i o r  d i s -  
pers ion  (between 0.61 and 2.44 A/mm i n  t h e  2000-8000 a range)  of t h e  e c h e l l e  gra t -  
ing e l i m i n a t e s  many of t h e  s p e c t r a l  i n t e r f e r e n c e s  common t o  o t h e r  spec t rographs .  
Emission spectrometry i s  a l s o ,  u n l i k e  A.A.S., not  l i m i t e d  by hollow ca thode  lamps, 
does not  employ e x p l o s i v e  g a s e s ,  and because of t h e  h igher  source  temperature ,  has  
fewer chemical i n t e r f e r e n c e s .  

decided t o  i n i t i a l l y  compare t h e  ins t rument  wi th  A.A.S. The emission spectrometer  
employed here  i s  t h e  Spec t ramet r ics  Incorpora ted  (SMI) Spectraspan I11 i n  which t h e  
e x c i t a t i o n  s o u r c e  c o n s i s t s  of a h igh  temperature  (up t o  10,000 K ,  t y p i c a l l y  6000°K 
i n  t h e  a n a l y t i c a l  r e g i o n )  d . c .  a rgon  plasma. The instrument  n e b u l i z e s  l i q u i d  
samples with a rgon  and i n t r o d u c e s  t h e  a e r o s o l  i n t o  t h e  plasma a t  a c o n s t a n t  ra te  by 
means of a p e r i s t a l t i c  pump. The emi t ted  r a d i a t i o n  i s  d ispersed  i n  t h e  spectrometer  
by a n  e c h e l l e  g r a t i n g ,  t h e  o r d e r s  s e p a r a t e d  by a q u a r t z  pr ism and channeled i n t o  a 
series of p h o t o m u l t i p l i e r  tubes  each of which a r e  s e t  s o  as t o  r e c e i v e  t h e  r a d i a t i o n  
a t  one p a r t i c u l a r  wavelength c h a r a c t e r i s t i c  of .each  of  t h e  v a r i o u s  elements  of i n t e r -  
e s t  (e .g .  Cu i s  determined by monitor ing t h e  Cu 3274 l i n e  i n  t h e  69th  o r d e r ,  Mn by 
monitor ing t h e  Mn 2576 l i n e  i n  t h e  88th  o r d e r ,  e t c . ) "  
f o r  a d j u s t i n g  t h e  system so t h a t  e lements  o t h e r  than t h e  1 8  pre-se t  e lements  can be 
determined. The p h o t o m u l t i p l i e r  tube  o u t p u t s  f o r  t h e  v a r i o u s  elements  are connected 
with a micro-computer which manipula tes  t h e  rece ived  d a t a  accord ing  t o  v a r i o u s  pro- 
grams (e.g. i n t e g r a t i o n  over  a per iod  of t i m e ,  use  of an i n t e r n a l  s t a n d a r d ,  e t c . )  
and p r i n t s  o u t  t h e  r e s u l t s  on an a u x i l i a r y  p r i n t e r .  The raw d a t a  ( a r b i t r a r y  u n i t s  
i n  t h e  range 0-9999) may a l s o  be p r i n t e d  o u t  i f  so d e s i r e d .  

The sample p r e p a r a t i o n  f o r  t h e  plasma spectrometer  i s  e s s e n t i a l l y  t h e  same a s  
t h a t  used f o r  A.A.S. ( 1 ) .  The high temperature  a s h  (75OOC) of  t h e  test c o a l  was 
ground t o  -200 mesh (<74 p) t o  e n s u r e  sample homogeneity and a 200 mg sample was 
mixed with 800 mg of  LiBO2 and fused  a t  1050°C f o r  10 minutes;  t h e  r e s u l t a n t  molten 
bead is then poured d i r e c t l y  i n t o  80 m l  of a 4% HNO3 s o l u t i o n .  For plasma spec t ro-  
metry,  6 r e p l i c a  s o l u t i o n s  were prepared from t h i s  i n i t i a l  s o l u t i o n  by t a k i n g  s i x  
5.00 m l  a l i q u o t s  and d i l u t i n g  each wi th  35.0 m l  of a s o l u t i o n  c o n s i s t i n g  of 0.5% L i  

Because t h e  plasma emission spec t rometer  accepts  only l i q u i d  samples ,  i t  was 

The c a p a b i l i t y  a l s o  e x i s t s  

* 
Analy t ica l  l i n e s  are l i s t e d  i n  Table  1. 
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Table 1. A n a l y t i c a l  L ines  Used f o r  t h e  Emission Spectro- 
m e t r i c  Analysis  of Coal Ashes 

Element Wavelength (A) Order 
A 1  3961 57 
Ba 4554 50 
Ca 3179 7 1  
cu 3247 69 
Fe 2382 95 
Ge* 2651 85 
K 7698 29 
Mg 2795 80 
Mn 2576 88 
Na 5895 38 
S i  2516 90 
S r  4077 55 
T i  3349 67 
Zn 2138 106 
Z r  3601 62 

i n  2% n i t r i c  a c i d  and c o n t a i n i n g  1 0  ppm G e .  The L i  conten t  of t h e  f i n a l  s o l u t i o n  i s  
about 4500 ppm and s e r v e s  a s  an e f f e c t i v e  spec t roscopic  b u f f e r  while  t h e  G e  a c t s  a s  
a n  i n t e r n a l  s tandard .  S i x  r e p l i c a  s o l u t i o n s  were a l s o  prepared f o r  A.A.S. by d i l u t -  
ing  5.00 m l  a l i q u o t s  of t h e  i n i t i a l  s o l u t i o n  with 30.0 m l  of a 10,800 ppm L a  so lu-  
t i o n ,  t h e  La a c t i n g  as a r e l e a s i n g  agent  i n  t h e  flame process .  The a p p r o p r i a t e  sets 
of s o l u t i o n s  were then  ready t o  run  on  t h e  plasma spectrometer  and A.A. spectrophoto-  
meter a long wi th  sets of s tandards  prepared i n  t h e  same manner a s  t h e  samples. How- 
ever ,  t h e  n a t u r e  of t h e  e l e c t r o n i c s  on t h e  plasma spectrometer  i s  such t h a t  p r i o r  t o  
t h e  running of  t h e  s o l u t i o n s ,  it w a s  necessary  t o  c a l i b r a t e  t h e  instrument  wi th  
s tandards  conta in ing  approximately t h e  h i g h e s t  concent ra t ions  of t h e  elements  t h a t  
one would expect  i n  t h e  s o l u t i o n s .  Once so c a l i b r a t e d  t h e  instrument  a u t o m a t i c a l l y  
e x t r a p o l a t e s  l i n e a r l y  between t h e  c a l i b r a t e d  maximum poin t  and a b lank  t o  g i v e  a 
reading  f o r  each s o l u t i o n  run.  I f ,  however, t h i s  c a l i b r a t e d  upper l i m i t  should be 
exceeded by more than  about  25% by a s o l u t i o n ,  no reading  w i l l  be produced and t h e  
s o l u t i o n  must be d i l u t e d  before  i t  can be analyzed.  Although, i n  theory ,  on ly  one 
s tandard  need be run  f o r  t h e  emission spec t rometer ,  a t  l e a s t  t h r e e  o r  f o u r  were r u n  
as a check a g a i n s t  bo th  p o s s i b l e  l i n e  c u r v a t y r e  (e .g .  d i s t o r t i o n  due t o  se l f -absorp-  
t i o n )  and e r r o r s  i n  t h e  p r e p a r a t i o n  of any one s tandard .  A l l  of t h e  s tandards  used 
a r e  shown i n  Table  2 .  

A .A.S . ,  t h e  s t a n d a r d s  were run  f i r s t ,  then  t h e  s i x  samples, then t h e  e n t i r e  set of 
s o l u t i o n s  i n  r e v e r s e  order  so t h a t  t w o  r u n s  w e r e  performed on each s o l u t i o n .  This  
was done t o  c a n c e l  o u t  any ins t rumenta l  d r i f t  which might occur  from t h e  f i r s t  t o  
t h e  last  sample. The r e s u l t s  of  t h r e e  sets of runs ;  one set on t h e  plasma spec t ro-  
meter with t h e  i n t e r n a l  s tandard  f u n c t i o n  o f f ,  one s e t  with t h e  i n t e r n a l  s tandard  on, 
and one s e t  on  t h e  atomic a b s o r p t i o n  u n i t ,  are presented  i n  Table 3. 

a r d  d e v i a t i o n s .  While t h e  plasma spec t rometer  i s  t h e o r e t i c a l l y  capable  of simul- 
taneous ly  determining a l l  of t h e  elements  l i s t e d ,  i n  p r a c t i c e  i t  w a s  found t h a t  
u s u a l l y  no more than 5 o r  6 e lements  could be comfortably handled a t  any one t i m e  
due t o  v a r i a t i o n s  i n  t h e  ins t rumenta l  c a l i b r a t i o n s  f o r  each element over a long 
per iod  of t i m e  (one-half hour  o r  so). Consequently, t h e  elements Fe, Mg, C a ,  and 
Mn were r u n  as  a group while  S i ,  A l ,  K and N a  formed a second group. By A.A.S.  
of  course ,  each element w a s  determined s e p a r a t e l y .  The r e s u l t s  show t h a t  wi th  t h e  
except ion  of Fe,  a l l  of t h e  elements  determined over lap  each o t h e r  w i t h i n  t h e  2 0  
s i g n i f i c a n c e  range.  
v a l u e s  by A.A.S.  and emission spec t romet ry ,  a t i t r i m e t r i c  de te rmina t ion  on another  ' 
sample s p l i t  gave a v a l u e  of 4.37% Fez03 which i s  more i n  agreement wi th  t h e  emiss iod  
spec t romet r ic  r e s u l t s .  Table  3 a)so shows t h a t  t h e  magnitude of t h e  s tandard  devi-  
a t i o n  tends t o  be s i g n i f i c a n t l y  g r e a t e r  f o r  t h e  atomic absorp t ion  de termina t ions  
than  i t  i s  f o r  e i t h e r  of t h e  s e t s  of d a t a  obtained from plasma emission spectrometry.  

* 
Used as i n t e r n a l  s tandard .  

During t h e  a c t u a l  running of s o l u t i o n s  i n  both plasma emission spectrometry and 

Each number i n  Table 3 r e p r e s e n t s  t h e  mean of 6 r e p l i c a s  and i s  given 5 2  stand-  

Although no explana t ion  can be given f o r  t h e  d i f f e r e n c e  i n  i r o n  
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This  i s  e s p e c i a l l y  t r u e  f o r  s i l i c a .  Although p a r t  of t h e  s c a t t e r  may be expla ined  
by t h e  observa t ion  t h a t  t h e  s i l i c o n  hollow cathode lamp w a s  beginning t o  f a i l ,  t h e  
s tandard  d e v i a t i o n s  obta ined  f o r  s i l i c a  i n  rocks  and c o a l  ashes  by plasma emission 
spectrometry are n e v e r t h e l e s s  b e t t e r  than those  obta ined  by A.A.S . ,  even under 
optimum condi t ions .  N o  a t tempt  was made t o  r i g i d l y  d e f i n e  and compare d e t e c t i o n  
l i m i t s  f o r  t h e  v a r i o u s  elements  by emission spectrometry and atomic a b s o r p t i o n  
because such l i m i t s  t end  t o  be a f f e c t e d  by many f a c t o r s  which are e a s i l y  a l t e r e d  
(e .g .  sample composi t ion,  g a s  f low and p r e s s u r e ,  o p t i c a l  a l ignment ,  e l e c t r o n i c  
s t a b i l i t y ,  e t c . ) .  However, on t h e  b a s i s  of observa t ions  made dur ing  t h i s  s tudy,  
and ignor ing  t h e  major c o n s t i t u e n t s ,  i t  can  genera l ly  be s a i d  t h a t  those  elements 
t h a t  have s t r o n g  emission l i n e s  or  form r e f r a c t o r y  oxides  a r e  determined b e t t e r  a t  
low concent ra t ions  by plasma emission spectrometry than by A.A.S.  

The r e s u l t s  i n  Table  3 a l s o  i n d i c a t e  t h a t  t h e  s tandard  d e v i a t i o n s  f o r  the  
plasma spec t romet r ic  de te rmina t ions  i n  which a n  i n t e r n a l  s tandard  was employed tend  
t o  be  somewhat b e t t e r  than  t h o s e  i n  which no i n t e r n a l  s tandard  w a s  used, a l though 
t h e  d i f f e r e n c e s  do n o t  appear  t o  be  s t a t i s t i c a l l y  s i g n i f i c a n t .  

Some s t u d i e s  h e r e  a s  t o  whether or  n o t  t h e  plasma spec t rometer  i s  capable  of 
adequate ly  de te rmining  some t r a c e  elements  c u r r e n t l y  done by convent iona l  d .c .  a r c  
spectrography i n d i c a t e  t h a t  t h e  elements B a ,  C r ,  Cu, S r ,  V and Z r  may be done on 
t h e  spectrometer .  I n  a d d i t i o n  t o  t h e  prev ious ly  mentioned advantages of us ing  t h e  
spec t rometer ,  t h e  i n i t i a l  r e s u l t s  i n d i c a t e  t h a t  an improvement i n  p r e c i s i o n  a l s o  
r e s u l t s .  This  i s  probably because of two f a c t o r s ,  t h e  f i r s t  of which i s  t h e  use 
of a more s t a b l e  e x c i t a t i o n  source and second, t h e  use  of a l a r g e r  sample s i z e .  
A 200 mg sample i s  taken  f o r  t h e  f u s i o n  technique whi le  on ly  6 mg of sample i s  used 
per  e l e c t r o d e  f o r  s p e c t r o g r a p h i c  a n a l y s i s .  
added s i g n i f i c a n c e  where t r a c e  elements  tend  t o  be concent ra ted  i n  inhomogeneously 
d i s t r i b u t e d  accessory  minera ls  (e .g .  Z r  i n  z i rcon)  ( 2 ) .  

Despi te  t h e  u s e  of  a g r e a t e r  i n i t i a l  sample s i z e ,  however, t h e  d i l u t i o n  of t h e  
sample during sample p r e p a r a t i o n  is cons iderably  g r e a t e r  f o r  t h e  spectrometer  than  
i t  i s  f o r  t h e  spec t rograph .  Consequently, t h e  a b s o l u t e  q u a n t i t i e s  of t h e  sample 
e x c i t e d  i n  t h e  spec t rometer  a r e  much l e s s  than t h a t  i n  t h e  spectrograph.  
of t h i s ,  t h e  convent iona l  spec t rograph  i s  s t i l l  t o  be p r e f e r r e d  f o r  t r a c e  elements  
which a r e  p r e s e n t  i n  minute  q u a n t i t i e s  such t h a t  when d i l u t e d ,  would f a l l  below t h e  
d e t e c t i o n  l i m i t s  of  t h e  spec t rometer .  However, s i n c e  d e t e c t i o n  l i m i t s ,  as s t a t e d  
above, tend t o  be v a r i a b l e  i n  n a t u r e ,  it is  n o t  p o s s i b l e  t o  s p e c i f y  the  concen- 
t r a t i o n s  of each element  below which t h e  spec t rograph  i s  t o  be p r e f e r r e d .  This 
must be  l e f t  t o  t h e  judgement of t h e  i n d i v i d u a l  o p e r a t o r  and l a b o r a t o r y .  
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TRACE METAL ANALYSIS I N  COAL BY MULTIELEMENT ISOTOPE 
DILUTION SPARK SOURCE MASS SPECTROMETRY 

J. A. Car te r ,  D. L. Donohue and J .  C .  Frankl in  

Oak Ridge Nat ional  Laboratory* 
Post Off ice  Box Y 
Oak Ridge, Tennessee 37830 

, INTRODUCTION 

l h e  use of spark source mass spectrometry f o r  t h e  ana lys i s  o f  environ- 
mental ly  important e lements  found i n  coal and f l y  ash i s  descr ibed.  S i g n i f i c a n t  
improvement i n  t h e  accuracy and prec is ion  of t h e  method has  been accomplished by 
use o f  i so tope  d i l u t i o n  methods f o r  s e v e r a l  elements i n  a sample. As many a s  20 
elements have been s imultaneously determined i n  c e r t a i n  energy-related samples 
us ing  multielement i so tope  d i l u t i o n  SSMS. The prec is ion  and accuracy are  t y p i -  
c a l l y  +5-10% RSD f o r  elements present  a t  g r e a t e r  than  1 p a r t  per  mi l l ion  i n  the 
sample. 

For those samples which a r e  d i f f i c u l t  t o  d i sso lve  c leanly ,  it i s  not  pos- 
s i b l e  t o  apply t h e  c l a s s i c a l  i so tope  d i l u t i o n  technique.  Rather, t h e  dry mater ia l  
i s  mixed with a ' sp iked '  conducting matr ix  containing separa ted  i so topes  o f  t h e  
elements o f  i n t e r e s t .  This method combines ease  o f  sample handl ing with c e r t a i n  
d e s i r a b l e  aspec ts  o f  separa ted  isotopes--fiamely t h e i r  freedom from contamination 
e f f e c t s .  
pends on t h e  use of appropr ia te  s tandards.  

Here t h e  p r e c i s i o n  obtained i s  t y p i c a l l y  10-15% RSD and t h e  accuracy de- 

EXPERIMENTAL 

For an i so tope  d i l u t i o n  a n a l y s i s ,  the fol lowing s t e p s  a r e  taken:  

1. 
2 .  
3. I so topic  e q u i l i b r a t i o n  by chemical o r  thermal means. 
4 .  Mass spec t romet r ic  ana lys i s .  

Complete d i s s o l u t i o n  of  t h e  sample i n  a h igh  p u r i t y  ac id  (HNO 
Addition of a c c u r a t e l y  s tandard ized  separa ted  i so tope  ' spikes?:  

HC1). 

The important s t e p  is number t h r e e ,  because i t  is  assumed t h a t  once e q u i l i b r a t i o n  
has  occurred, t h e  separa t ion  o r  concentrat ion s t e p s  t h a t  follow need not  be  quant i -  
t a t i v e l y  known. It i s  a l s o  assumed t h a t  t h e  e q u i l i b r a t e d  sp ike  and sample i so topes  
w i l l  behave i n  an i d e n t i c a l  fash ion ,  both chemically and i n  t h e  ion source o f  t h e  
mass spectrometer .  

Coal and f l y  ash a n a l y s i s  by t h i s  method depends upon sample d i s s o l u t i o n .  
Unfortunately, t h e  a c i d s  requi red  t o  completely d isso lve  t h e s e  mater ia l s  (HF, H C l O  , 
H SO4) a r e  d i f f i c u l t  t o  obta in  i n  a pure form and a l s o  produce undesirable  molecul%r 
i%n spec ies  i n  the  spark  source.  
sure bomb (Parr Instrument Co.) using HNO 
s p e c i e s  a re  u s u a l l y  n o t  so luble  under the2e condi t ions.  
NaOH fusion followed by HC1 t reatment  produced c l e a r  s o l u t i o n s ,  but  these contained 
an unacceptable amount o f  NaCl which gave r i s e  t o  mass s p e c t r a l  i n t e r f e r e n c e s .  

*Operated f o r  t h e  U. S. Energy Research and Development Administration under con- 
t r a c t  w i t h  t h e  Union Carbide Corporation. 

High pressure d isso lu t ion  i n  a t e f l o n  l i n e d  pres-  
and HC1 has  been t r i e d ,  bu t  s i l i c a t e  

Other  methods, such as  
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Because o f  t he  d i f f '  u y of d i s so lv ing  t h e s e  mater ia ls ,  a dry mixture 
technique was developed, "-" which involves t h e  use of  a ' sp iked '  matr ix  mate- 
r ia l  such as high p u r i t y  Ag o r  graphi te .  Separated isotopes of  t h e  elements o f  
i n t e r e s t  were d r i ed  from so lu t ion  onto t h e  matr ix  and vigorous shaking i n  a b a l l  
m i l l  ensured homogeneity. 
determine the  blank l e v e l s  and w a s  then mixed with s tandards (NBS SRM 1632 Coal 
o r  1633 F ly  Ash) t o  determine t h e  amount of each i so tope  added. This s tandard-  
i z a t i o n  a l so  provided any r e l a t i v e  s e n s i t i v i t y  correct ions which were necessary 
i n  t h i s  technique. 

This  spiked matrix was analyzed alone i n  o rde r  t o  

Table I shows the  composition o f  a spiked Ag matr ix  (99.9999% pure Ag 
Cominco American, Inc.)  which was used i n  the  ana lys i s  of  coal ( a f t e r  ashing at 
500°C i n  a i r  t o  remove t h e  organics) as w e l l  as f l y  ash.  
were usual ly  minor ones i n  na tu re  which were highly enriched and chosen t o  be 
f r ee  of  spec t r a l  i n t e r f e rence .  

The i so topes  chosen 

The instrumental  ope ra t ing  parameters a r e  summarized below: 

Instrument : AEI MS-702R with photographic p l a t e  detect ion.  
Spark conditions:  
Vacuum: Source <1 x 10 t o r r ;  analyzer  2 x 10 t o r r .  
Photoplate: 
Development : 3 minutes i n  conc. D-19. 

30 kV r f ;  100 pylses  p e r  second, 25 uscg pu l se  length .  

I l f o r d  Q2 o r  Kodak SWR. 

A photoplate  da t a  reduct ion s y s y q  was used which u t i l i z e d  a minicomputer i n t e r -  
faced with a microdensitometer. The computer accepts  d i g i t i z e d  o p t i c a l  t r a n s -  
mittance da ta  as t h e  densi tometer  scans over a l i n e .  It then computes peak he igh t  

s to red  ca l ib ra t ion  curve (Churchill  two-line c a l i b r a t i o n  method 
(ion) i n t e n s i t i e s  are employed i n  t computer code t o  ob ta in  elemental  concentra- 
t i o n s  according t o  the  Hintenberger") isotope d i l u t i o n  equation. 

corrected f o r  background and converts t h i s  i n t o  r e l a t i v e  (ion) 

The concentration of  t h e  element being measured i s  obtained from the  follow- 
ing  equation. 

where x = weight of element i n  the  sample. 

y = weight o f  element i n  the  t r a c e r  sp ike .  

R = isotope r a t i o  of  t h e  sp ike ,  reference isotope 
t EB,CFentZoI%Zo' e R = isotope r a t i o  o f  t h e  mixture,  tracer isoEo . m 

R = isotope r a t i o  of  t h e  sample, reference t r a c e r  isotope * 

A = atomic weight of  t h e  sample element. 

A = atomic weight o f  t he  t r a c e r .  t 
T = atom % o f  t h e  sp ike  isotope i n  the  tracer. 

S = atom % of t h e  sp ike  isotope i n  t h e  sample. 
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The terms: A , A , T, S, R , R t ,  and y a re  usua l ly  known i n  advance, and 
s i n c e  R 
and acc%acy on the  o r d e r  o f  5% for  t r a c e  element determinat ions.  After  equi l ib-  
rium between sp ike  i so tope  and sample reference i so tope  i s  obtained,  q u a n t i t a t i v e  
r e s u l t s  are assured by isotope d i l u t i o n  even when a low y ie ld ing  chemical p u r i f i -  
ca t ion  i s  required.  

can be veay atccurately ;easured, it i s  not  unusual t o  obta in  prec is ion  

RESULTS A N D  DISCUSSIONS 

Table I1 shows r e s u l t s  f o r  NBS SRM 1632 using t h e  dry sp ike  technique,  with 
SRM 1633 a c t i n g  as t h e  s tandard.  The r e s u l t s  agree within experimental p rec is ion  
f o r  a l l  elements shown. I t  w a s  poss ib le  t o  analyze a number of o t h e r  elements by 
t h e  same technique, provided t h e  concentrat ion i n  t h e  s tandard  was known with some 
c e r t a i n t y .  In a l l ,  twelve elements a r e  rout ine ly  repor ted  i n  coal by t h i s  method 
with a prec is ion  and accuracy of  about t15% RSD. 

Any ana lys i s  o f  coal o r  f l y  ash by SSbS is  subjec t  t o  mass s p e c t r a l  i n t e r -  
ference a r i s i n g  from t h e  major elements present .  These include S i ,  A l ,  T i ,  Mg, 
Fe, Na, K and S. Combinations of  these  elements, oxiges ,  s i l i c a t e s  and ch lor ides ,  
as wel l  as molecular ions  from the  matr ix  element (Ag , Ago ) must a l l  be  con- 
s idered  f o r  t h e i r  p o t e n t i a l  e f f e c t  on the p a l y s i s i  Zertain elements a re  general ly  
always i n t e r f e r e d  with (Co by Ago ), while o t h e r  i so topes  a r e  only 
occasional ly  a f fec ted .  
the  ana lys t  should cons ider  using separat ion and concentrat ion methods t o  e l iminate  
poss ib le  i n t e r f e r e n t s .  

by CaF' and Sb 
Therefore ,  i f  a small number of  elements i s  t o  b e  analyzed, 

REFERENCES 

1 .  Jaworski, J. R. ,  and hbrr ison,  G. H . ,  Anal. Chem. (1975) 1173. 
2. Donohue, D. L . ,  C a r t e r ,  J. A . ,  and Frankl in ,  J. C . ,  Anal. Le t te rs  (1977), in  

press .  
3. Carter ,  J. A . ,  Donohue, D. L. ,  Franklin. J. C . ,  and, Walker, R. L . ,  in  Analyti- 

4. Car te r ,  J. A . ,  Frankl in ,  J. C . ,  and Donohue, D. L. ,' ACS Symposium Ser ies  (1977), 
c a l  Methods f o r  Coal and Coal Products, Academic P*ess, N. Y .  (1977). -___----- 

i n  press .  
5. Churchi l l ,  J. R . ,  Ind. Eng. Chem., Anal. Ed., 16 (1944) 653. 
6. Hintenberger, H. ,  i n  Electromagnet ical l  Enriched I s o t o  es and Mass Spectrometry, 

(M. L. Smith, e d . ) ,  Academic Press, Chai. 2 1  (1956) P 177-189,- 

62 



Table I 

Spiked S i l v e r  for Coal and Fly Ash Analysis 

Nominal 
Element Isotope Enrichment Concentration 

Pb 204 99.7 10 PPm 
T1 203 94.9 5 
Ba 1 35 93.6 50 
Te 125 91.2 10 
In 113 96.4 5 
Cd 111 91.3 5 
Mo 97 94.3 5 
Sr 86 95.7 100 
Se 77 94.4 10 
Zn 67 89.7 30 
cu 65 99.7 30 
N i  61 99.5 30 
Fe 57 93.6 100 
C r  53 96.4 30 
K 41 99.4 200 

Table I 1  

Analysis o f  SRM 1632 Using S W  1633 as Standard 

Element 

T1 
Pb 
Cd 
Zn 
cu 
N i  
C r  

Conc. i n  ug/g f R S D  

0.6 ? 0.2 

0.4 f 0.2 
33 f 3 

32 f 8 
15 t 3 
15 f 3 
19 f 3 

NBS C e r t i f i e d  

0.59 f 0.03 

0.19 ? 0.03 
30 t 9 

37 f , 4  
18  f 2 
15 f 1 
20.2 f 0.5 
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Recent Application of Neutron Activation Analysis to Coal 

Hugh T. Millard, Jr. 

U.S. Geological Survey, MS 424,  Box 25046 
Denver Federal Center, Denver, Colorado 80225 

The possibility of environmental contamination resulting from current and proposed 
uses of large quantities of coal for combustion, liquefaction, and gasification has been 
discussed extensively. 
been undertaken to determine the trace-element compositions of various coals and the 
elemental budgets of coal-consuming facilities, such as power plants. Neutron-acti- 
vation analysis has been used extensively for these studies, because the method has 
good sensitivity for a large number of elements of interest, is nondestructive, and, 
when automated, can be used to process samples rapidly and efficiently. 

and determine the elements of interest. The methods used to discriminate among the large 
numbers of radioactive nuclides produced by neutron bombardment are listed in Table 1. 
Such an outline is useful for a general discussion of neutron-activation analysis, but 
variations of the techniques may deviate from this table. Because of the large numbers 
of coal samples that must be analyzed, instrumental techniques have been employed when- 
ever possible to avoid time-consuming radiochemical separations and the possibility of 
loss of volatile elements. 

radiochemical neutron-activation analysis (RNAA), the term instrumental neutron-activation 
analysis (INAA) is ordinarily reserved for the method in which gamma-spectra are collected 
using high-resolution gamma-detectors (lithium-drifted germanium or intrinsic germanium) 
at different decay times following neutron bombardment of the sample. This technique 
allows the determination of as many as 40 elements in coal and fly ash, and many such 
multi-element procedures have been reported (1-10). The elements determined include 
AI, As, Au, Ba, Cr, Ca, Ce, C1, Co, Cr, Cs, Cu, Dy, Eu, Fe, Ga, Hf, I, K, La, Lu, Mg, 
Mn, Na, Nd, Ni, Rb, Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, Ti, U, V, Yb, and Zn. However, 
about seven of these elements (Au, Ba, Ga, Ni, Rb, Ti, and Zn) exist in some coal at 
concentrations near their limits of detection, and, therefore, the exact number of elements 
that can be determined depends on the composition of the individual coal sample. 
U.S. Geological Survey used INAA to determine many of the elements listed above in 
eighteen coal samples from various locations in the United States (11) and, more recently, 
as one of the analytical techniques for routine analysis of 2,000 Eastern U.S. coal 
samples. However, special emphasis is placed on determining As, Cr, Co, Sb, and Se, 
because these elements are more difficult to determine by other analytical techniques. 

thermal neutrons is enhanced relative to that by thermal neutrons and some selectivity 
may be achieved. 
ash ( 1 2 ,  13). At the U.S. Geological Survey, Rowe and Steinnes made an extensive study 
Of the activation analysis of coal and fly ash that included a comprehensive comparison 
of thermal and epithermal INAA (10). They found that the sensitivities for Ba, Cs, Ga, 
Hf, Ho, In, Mo, Ni, Rb, Sb, Se, Sr, Ta, Tb, Th, U, W, and Zr were improved when epither- 
mal INAA was employed. 

0, N, F, Si, and A1 have been determined in coal by this rapid and routine technique 
(14-17). 
Coal is highly variable and because the other elements are determined by other routine 
techniques, the fast neutron method is seldom used in coal analysis. 

Prompt gamma-counting (PG) involves detecting the gammas emitted immediately after 
neutrons are absorbed during bombardment. This method has been used to determine Fe, B, 
and Cd in coal (18, 19). 

In order to evaluate the potential for ham, many studies have 

In common with other analysts, the activation analyst strives to reduce interferences 

Although all of the techniques in Table 1 are instrumental, with the exception of 

The 

If a sample is surrounded with Cd during neutron bombardment, then activation by epi- 

This technique has been used to determine U and Th in coal and coal 

Fast neutrons ( 1 4  MeV) from a neutron generator may be used to activate light elements. 

Because the distribution of 0 between the organic and mineral components of 
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The delayed-neutron counting technique (DN) is used (20) primarily to determine U 
One-minute neutron irradiations are followed by several minutes of counting and Th. 

the neutrons emitted by the fission-daughters of U and Th. Thermal and epithermal 
neutron irradiations are performed to differentiate between U and Th. At the U.S. 
Geological Survey, we use automated neutron counters to analyze about 7,000 samples 
per year by this technique (11, 21) .  Using 5-g coal samples, the carbon matrix causes 
neutron thermalization within the sample, so it is important to prepare standards by 
spiking a suitable coal with U and Th. 
with isotope dilution-mass spectrometric U and Th standards. 

is very useful for s m a l l  samples (‘100 mg), such as mineral separates. We have auto- 
mated this procedure by using spark-counting or more recently, by employing an image 
analyzer. Fission-track maps of pellets prepared from coal powders indicate whether 
the U is distributed evenly in the organic matrix or is concentrated in discrete 
mineral phases such as apatite. Maps of thin sections of coal can be used to find 
minerals containing high concentrations of U, and these minerals may then be identified 
by suitable techniques such as electron-microprobe analysis. 

Radiochemical neutron-activation analysis (RNAA), in which radiochemical separations 
are performed after neutron irradiation and prior to counting, has been used to determine 
As, B r ,  Cd, C s ,  Hg, Ga, Rb, Sb, Se, U ,  and Zn in coal (23, 2 4 ) .  However, in recent 
years these methods have been replaced to a great extent by the faster and less tedious 
instrumental techniques discussed above. 
Hg and Cu) f o r  which instrumental methods are not sufficiently sensitive (6, 25), and 
to calibrate standard materials when the highest levels of precision and accuracy are 
required. 

Table 1. 

We maintain good accuracy by intercalibration 

Uranium may also be determined by fission-track (FT) counting (22). This technique 

RNAA still is used for several elements (e.g., 

Methods of discrimination employed in various neutron-activation analysis 
techniques 

INAA = Instrumental Neutron Activation Analysis 
FNAA = Fast Neutron-Activation Analysis 
PG = Prompt Gamma-Counting 
DN = Delayed Neutron Counting 
FT = Fission Track 
RNAA = Radiochemical Neutron-Activation Analysis 

NAA Technique 

Method of 
Discrimination 

Energy of bombarding neutrons: 
thermal ( 0.1 eV) 
epithermal and resonance 

fast (14 MeV) 
Irradiation time 
Decay time after irradiation 
Emitted particle measured: 

gamma (spectrometry) 
neutron 
fission fragment 

Chemical properties 

(0.1-1000 eV) 

INAA 
Thermal Epithermal FNAA PG DN FT RNAA 

X x x x  x 
X X X 

X 
X X X X X 
X X X X X 

X X x x  X 
X 

X 
X 

6 5  
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A SURVEY OF EMISSION X-RAY ANALYSIS OF COAL 

J. K .  Kuhn and L. R. Henderson 

I l l i n o i s  S t a t e  Geological  Survey 
Urbana, I L  61801 

Measurement of emit ted X-rays is f ind ing  widespread acceptance a s  an a n a l y t i c a l  
t o o l  f o r  determining minor and t r a c e  elements i n  c o a l  and coa l - re la ted  mater ia l s .  
Because t h e  method r e q u i r e s  a s h o r t  time f o r  a n a l y s i s  and can determine concentra- 
t i o n s  ranging from a few p a r t s  p e r  mi l l ion  up t o  100% i n  a s i n g l e  sample, it is  a 
d e s i r a b l e  a l t e r n a t i v e  t o  many o t h e r  techniques (1). 

Following t h e  development of t h e  method of Rose e t  a l .  ( 2 ) ,  accura te  analyses  
of  c o a l  ash have been r o u t i n e l y  performed f o r  s e v e r a l  years .  Methods f o r  X-ray 
a n a l y s i s  of whole c o a l ,  however, d e s p i t e  e a r l i e r  work by Sweatman e t  a l .  ( 3 1 ,  have 
developed more slowly (4,5,6,7). Recent improvements i n  equipment, e s p e c i a l l y  
innovat ions i n  d e t e c t o r s  and e x c i t a t i o n  sources ,  have brought about  renewed i n t e r e s t  
i n  t h e  technique. 

Two types of spec t roscopic  systems a r e  now a v a i l a b l e .  One is t h e  wave-length 
d i s p e r s i v e  u n i t  which u s e s  c r y s t a l s  with var ious  l a t t i c e  spacings t o  d i f f r a c t  and 
s e p a r a t e  the X-rays emit ted from exci ted  samples. A goniometer is then used i n  con- 
junc t ion  with e i t h e r  a gas-flow o r  a s c i n t i l l a t i o n  d e t e c t o r  t o  measure t h e  angle  and 
i n t e n s i t y  of t h e  emit ted r a d i a t i o n .  The second type  of system c o n s i s t s  of a s o l i d  
s t a t e  de tec tor ,  e i t h e r  l i th ium-dr i f ted  s i l i c o n  or  i n t r i n s i c  germanium, connected to 
a multichannel ana lyzer .  A t y p i c a l  d e t e c t o r ,  with r e s o l u t i o n  of 140ev t o  160ev, 
produces pulses  whose ampli tudes can be separa ted  and q u a n t i f i e d  f o r  most X-rays. 
These systems, t h e r e f o r e ,  a r e  capable of simultaneous multi-elemental analyses  over 
a wide range o f  energ ies .  

The X-ray tube, both with and without  f i l t e r s ,  i s  a common e x c i t a t i o n  source,  
b u t  a number of o t h e r  k inds  of sources  a r e  u s e f u l .  In  systems where p o r t a b i l i t y  i s  
d e s i r a b l e ,  i so tope  sources  a r e  commonly used with s o l i d  s t a t e  d e t e c t o r s .  These 
sources  give n e a r l y  mono-chromatic e x c i t i n g  r a d i a t i o n  which means t h a t  background 
c o r r e c t i o n s  a r e  smaller  f o r  e f f e c t s  due t o  s c a t t e r e d  r a d i a t i o n  and background. 
of i so topes  l i m i t s  t h e i r  u s e f u l  l i f e .  bu t  sources  such a s  americium 241 (used with 
secondary t a r g e t s )  can provide  resonably s t a b l e  e x c i t a t i o n  f o r  many years .  Exci ta t ion  
by e l e c t r o n  probe,  i o n  probe,  scanning e l e c t r o n  microscopy, e t c . ,  i s  now widely used 
f o r  X-ray ana lys i s .  Energe t ic  pro tons ,  a l s o  used to  induce X-ray emission, have t h e  
a d d i t i o n a l  advantage of producing g a m a  r a d i a t i o n ,  which increases  t h e  number of 
elements t h a t  can be determined (8) .  

Decay 

Regardless of t h e  type  of spectrometer or t h e  e x c i t i n g  source used, a number of 
o t h e r  problems must be solved before  accura te  a n a l y s i s  of  coa l  and i t s  r e l a t e d  pro- 
duc ts  can be obtained.  Foremost among these  i s  t h e  problem of  adequate s tandards.  
A t  p r e s e n t  only two c e r t i f i e d  s tandards  a r e  a v a i l a b l e ,  one f o r  t r a c e  elements i n  coa l  
and one f o r  trace elements  i n  f l y  ash. This  means t h a t  each labora tory  m u s t  produce 
its own set of s tandards.  Mathematical c o r r e c t i o n  procedures may be appl ied  ins tead  
b u t  they  a r e  u n s a t i s f a c t o r y  when t h e r e  a r e  l a r g e  v a r i a t i o n s  i n  matr ix .  
major problem i s  t h e  a c q u i s i t i o n  of  r e p r e s e n t a t i v e  samples f o r  a n a l y s i s .  
is perhaps the s imples t  m a t e r i a l  t o  sample b u t  s t i l l  p r e s e n t s  problems due t o  inhomo- 
genei ty .  Var ia t ions  w i t h i n  t h e  c o a l  seam o r  feed s tock  may l i m i t  p r e c i s i o n  t o  5% 
(9), and t h e  presence of d i s c r e t e  mineral p a r t i c l e s  may r e s u l t  i n  even g r e a t e r  e r r o r s  
(10). Coal-related m a t e r i a l s  - e .g .  chars ,  ashes ,  res idues ,  and products  from 
l i q u e f a c t i o n  and g a s i f i c a t i o n  processes  - vary g r e a t l y  depending upon temperature ,  

The second 
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physical location in the system, processing time, and other factors. These materials 
may range from nearly totally inorganic minerals to wholly organic liquids; occasion- 
ally a very viscous slurry that is almost impossible to homogenize is encountered. 

The great variability of these materials causes not only sampling difficulties 
but also significant analytical problems. 
matrix variations, which are normally handled in one of three ways. One solution is 
to Prepare a sufficient number of standards so that every conceivable matrix can be 
very closely matched. Though this is not impossible, it is usually impractical for 
most laboratories. 

x-ray analysis is highly dependent upon 

A second method of handling the matrix problem is to prepare analytical samples 
in such a way as to make the variations almost insignificant. This may be done by 
dilution with an inert material (ll), by addition of a heavy adsorber ( 2 ) ,  or by 
preparation of a sample thin enough that all X-rays generated in the material will 
escape (6,s). The first two technqiues tend to raise the limit of detection of the 
trace elements in the original sample. Even though the third technique requires 
great care to prepare a uniform, representative sample, it is being used quite 
successfully by a number of laboratories. 

The third method of correcting for matrix effects employs mathematical proce- 
dures. These procedures may be divided into three groups. The first includes 
various methods for empirically measuring the mass absorption coefficient of the 
material for the radiations of interest. These methods have been reviewed exten- 
sively by Lubecke (12)  and Sparks et al. (7). In the second group of procedures, 
Compton scatter is used to estimate mass absorption coefficients (13,14,15,16,17). 
In the last group of techniques, all corrections are made mathematically from a 
knowledge of fundamental parameters (18). This method requires observation of the 
intensities of the radiation from all of the major elements in the sample. 

Although any one of the matrix correction procedures listed above may work for 
a particular analytical problem, a combination of two or even all three is justified 
in a laboratory with a wide variety of sample types. All these procedures require 
the use of a satisfactory background correction. Since the background is due not 
only to the mass absorption coefficient and to elemental concentrations of the 
sample but also to the exciting source, the detector, and the analyzing system, it 
may well be the limiting factor in the precision of analysis, especially for trace 
elements in most materials. A good discussion of these problems is presented in a 
recent review by R u s s  (19). 

The coal analyst must be familiar with all of these problems inherent in X-ray 
procedures. Most of them can be handled satisfactorily with computer programs. 
When samples are properly prepared, the analyst can handle types ranging from liquids 
to solids and from almost pure organic materials to totally inorganic minerals. Such 
samples can be analyzed ‘as is’ as long as the surface presented to the spectrometer 
is uniform, representative, and exhibits no particle-size effects. This may require 
the use of samples with particles of less than -325 mesh down to a few microns in 
size especially for the determination of elements of low atomic weight. 

precision for modern x-ray systems is approximately 5% to 25% overall, for trace 
elements, depending upon the optimization of the spectrograph for the elements of 
interest. For major and minor elements, depending upon the system used, precision 
may well be less than 1%. The elements with lower atomic numbers, i.e., Na thru Ca, 
can not be analyzed as precisely as the heavier elements, especially with energy- 
dispersive systems. 
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The l i m i t  of d e t e c t i o n  by X-ray a n a l y s i s ,  with p r e s e n t l y  a v a i l a b l e  commercial 
equipment, ranges,  f o r  c o a l  samples, from 100 f o r  sodium t o  .5 t o  4 PPM f o r  t h e  
elements  i ron through cerium (10). For those  elements of  heavier  atomic weight 
where t h e  L series X-rays are used f o r  a n a l y s i s ,  t h e  l i m i t  of d e t e c t i o n  is approx- 
imately 10. 

While prec is ion  and l i m i t  of  d e t e c t i o n  do not  n e c e s s a r i l y  i n d i c a t e  accuracy, 
with good s tandards and good programs f o r  matr ix  c o r r e c t i o n s  t h e  r e s u l t s  o f  X-ray 
a n a l y s i s  compare favorably  with r e s u l t s  by o t h e r  methods of a n a l y s i s .  Its simplic- 
i t y  and ease of  opera t ion  make it the  method of choice where a l a r g e  number of 
samples a r e  t o  be i n v e s t i g a t e d  f o r  many elements. 
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X-ray Fluoresence Ana lys i s  o f  Trace 
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I n t r o d u c t i o n  

This work was under taken t o  a s c e r t a i n  t h e  a b i l i t y  o f  Energy D ispe rs i ve  X-ray 
Fluoresence (EDXRF) a n a l y s i s  t o  determine t r a c e  element con ten t  o f  Solvent  Refined 
Coal (SRC). 
t o r s  fo r  X-ray Fluoresence i t  is now poss ib le  t o  do ve ry  r a p i d  simultaneous quan- 
t i t a t i v e  a n a l y s i s  of a l a r g e  number o f  elements. 
a r e  q u a n t i t a t i v e l y  analyzed i n  bo th  raw feed coal  and product  SRC from t h e  Wilson- 
v i l l e  SRC P i l o t  P lant ,  W i l s o n v i l l e ,  Alabama. 

severa l  reasons: C e r t a i n  meta ls ,  p a r t i c u l a r l y  i r o n ,  ca ta l yze  t h e  hydrogenation and 
h y d r o d e s u l f u r i z a t i o n  r e a c t i o n s  t h a t  occur i n  t h e  SRC process. 
i s  t o  be used t o  f i r e  a gas t u r b i n e ,  then t r a c e  me ta l s  such as Ca, Na, and V present  
p o t e n t i a l  co r ros ion  o r  f o u l i n g  problems. When t h e  feed coal  has a h igh  oxygen and 
a l ow  s u l f u r  content ,  a s u b s t a n t i a l  p o r t i o n  o f  western, sub-bituminous coa l ,  f o r  
example, has a l ow  s u l f u r  (-0.7%) and a h i g h  oxygen (-17%) content ,  t r a c e  meta ls  
such as Ca r e a c t  w i t h  CO2 formed i n  t h e  SRC d i s s o l v e r  and tend t o  c o l l e c t  i n  t h e  
d i s s o l v e r ,  e v e n t u a l l y  r e s u l t i n g  i n  p lugg ing  problems. 
SRC product present  p o t e n t i a l  environmental problems. A lso,  meta ls  such as Fe and 
A1 a r e  present  i n  s u f f i c i e n t  q u a n t i t y  i n  t h e  feed coa l  t h a t  t h e  SRC minera l  r e s i d u e  
represents  an a t t r a c t i v e  source o f  these meta ls  when c u r r e n t  sources have been 
depl  eted. 

Analys is  o f  t r a c e  elements i n  coa l  has been t h e  sub jec t  o f  many e a r l i e r  papers 
(1,2,3). I n  f a c t ,  a n a l y t i c a l  methods, s p e c i f i c a l l y ,  atomic absorpt ion,  (4,5) have 
been presented f o r  de te rm in ing  t h e  con ten t  o f  t r a c e  meta ls  i n  c lean  coal  products 
such as SRC product .  However, because o f  t h e  l a r g e  number o f  analyses requ i red  t o  
ma in ta in  reasonable q u a l i t y  c o n t r o l  o f  SRC product ,  e t c . ,  a l t e r n a t i v e  methods t h a t  
a r e  h o p e f u l l y  more r a p i d  and l e s s  expensive than  those c u r r e n t l y  a v a i l a b l e  a r e  
needed. A p p l i c a t i o n  o f  EDXRF t o  perform assays o f  feed coals  and SRC products i s  
a t t r a ' c t i v e  because i t  a l l o w s  simultaneous a n a l y s i s  o f  t r a c e  elements found i n  feed 
coa ls  and SRC p roduc ts .  Th i s  work demonstrates t h a t  EDXRF i s  an e f f e c t i v e  method 
f o r  determin ing the  con ten t  o f  t r a c e  metals i n  coal and coa l -de r i ved  products .  

As a r e s u l t  o f  r e c e n t  improvements i n  t h e  des ign o f  s o l i d  s t a t e  detec-  

I n  t h i s  work some 17 elements 

The con ten t  o f  t r a c e  meta ls  i n  SRC product  and i n  feed coa l  i s  impor tant  f o r  

I f  t h e  SRC product  

Trace me ta l s  such as As i n  

Experimental 

Equipment 

Corporation, Burl ingame, Ca. 94010) c o n s i s t i n g  o f  a 0810A X-ray Subsystem, 5100C 
analyzer, 5100 X-ray Spectrometer Rigaku G i g e r f l e x  3kW X-ray generator ,  (60 kV and 
180 ma) D i g i t a l  E l e c t r o n i c s  Corporat ion PDP 11/03 Computer' w i t h  R X O l  dual  f l oppy  
d i s k  bu l k  s torage.  The system uses a h igh  power X-ray tube  (Ag t a r g e t )  t o  produce 
x-rays froma s e r i e s  o f  s e l e c t a b l e  secondary t a r g e t s  (Ti, Ge, Mo, and Sn). The 
spectrometer uses a s o l i d  s t a t e  d e t e c t o r  o f  30 mm2 a c t i v e  area t h a t  has r e s o l u t i o n  
o f  <165eV @ 1KHz. 

Atomic Absorp t i on  experiments f o r  i r o n  were done on a Perkin-Elmer Model 305A 
Atomic Absorpt ion spectrophotometer (Perkin-Elmer Corporat ion,  Norwal k, Connect icut  
06856) us ing an  a c e t y l e n e l a i r  f lame and a wavelength s e t t i n g  o f  249 nm. 
determinat ions were made us ing  a Leco model 521-500 s u l f u r  ana lyze r  s p e c i a l l y  f i t t e d  
fo r  low l e v e l  s u l f u r  d e t e c t i o n  (Laboratory  Equipment Corporat ion,  S t .  Joseph, M ich i -  
gan 49085). 

A l l  EDXRF analyses were done on a Kevex 0810RW X-ray Fluoresence System (Kevex 

S u l f u r  
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Procedure 

t h e  e n t i r e  sample passed through a 325 mesh screen. 
i n  a vacuum oven a t  105OC f o r  a t  l e a s t  3 hours. 
p e l l e t s  were made 

form Leco s u l f u r ,  C, H and N, and Atomic Absorpt ion analyses. 

and adap ta t i on  o f  t h e  s h e l l  EXACT ( 6 )  program. 
mental parametr ic  method which accounts f o r  m a t r i x  i n t e r a c t i o n s  due t o  abso rp t i on  
and enhancement f o r  a l l  t he  elements i n  t h e  sample. The EXACT model i s  b a s i c a l l y  
s i m i l a r  t o  models presented by Sherman (7) ,  Shi ra iwa (8)  and C r i s s  and B i r k s  ( 9 )  
w i t h  s i m p l i f i c a t i o n s .  

Resul ts  
Table 1 g i ves  a comparison between EDXRF and two methods, Atomic Absorp t i on  

(AA) and Leco, commonly used i n  t h i s  l a b o r a t o r y  f o r  a n a l y s i s  o f  i r o n  and s u l f u r ,  
respec t i ve l y .  A t  t h e  bottom o f  Table 1 a r e  analyses f o r  t h r e e  standards ( C e r t i f i e d  
Atomic Absorpt ion Standard, 1000 ppm i r o n ,  F i she r  S c i e n t i f i c ,  FairLawn, New Jersey 
07410; C a l i b r a t i o n  Standard no. 764-547 (2.02 + 0.03% S )  and C a l i b r a t i o n  Standard 
no. 764-545 (0.31 0.02% S )  LECO Corpo ra t i on ,3000  Lakeview, S t .  Joseph, Mich igan 
49085). 
t i o n  and LECO a n a l y s i s .  
dards ana lys i s .  

t e d  smal ler  amounts o f  t h e  17 elements analyzed f o r  were detected i n  t h e  SRC pro-  
ducts  than i n  t h e  r e s p e c t i v e  feed coa ls .  

va r ious  coa ls  and SRC's. 
t i o n  between ash con ten t  o f  mo is tu re  f r e e  coal  and cumulat ive weight  percent  o f  15 
elements (S i ,  C1, K, Ca, T i ,  V, C r ,  Mn, Fe, Ni, Cu, Zn, As, Br, and S r )  as d e t e r -  
mined by EDXRF. 
f a c t o r  ( r )  o f  0.92 a t  t h e  95% conf idence l e v e l .  An r value o f  0.92 i n d i c a t e s  a 
reasonable f i t  was obta ined and t h a t  t h e  r e s u l t i n g  c o r r e l a t i o n  can be used t o  
compute t h e  approximate percent  ash i n  feed coa ls .  Most impor tan t l y ,  these da ta  
demonstrate t h a t  t h e  ash content  o f  a feed coal  can be approximated v e r y  r a p i d l y  i n  
t h i s  manner. 
t i o n s h i p  i s  a l s o  t r u e  f o r  SRC product .  

Approximately 10 g. samples o f  a l l  coa ls  and SRC's were f i r s t  ground SO t h a t  
The samples were then  d r i e d  

From these samples 1.25 i n c h  
s i n g  a b o r i c  a c i d  back ing and were analyzed by EDXRF under a 

vacuum o f  5 x 10- I t o r r .  Also, f r a c t i o n s  o f  t h e  same samples were used t o  per-  

The raw EDXRF data were analyzed us ing  t h e  Kevex m a t r i x  c o r r e c t i o n  program, 
The EXACT program employs a funda- 

These standards were purchased f o r  use i n  c a l i b r a t i o n  o f  atomic absorp- 
I n  a l l  cases EDXRF gave t h e  bes t  accuracy f o r  t h e  s tan-  

Table 2 g i ves  t h e  EDXRF elemental analyses f o r  12 coa ls  and SRC's. 

L i t t l e  would a c t u a l l y  be gained by an element by element comparison o f  t h e  

As expec- 

On t h e  o t h e r  hand, F igu re  1 g ives an i n t e r e s t i n g  c o r r e l a -  

Least  Squares a n a l y s i s  o f  t h e  data gave a s t r a i g h t  l i n e  c o r r e l a t i o n  

A t  t h i s  t ime  experiments a r e  i n  progress t o  show t h a t  t h e  same r e l a -  

Summary and Conclusion 
I t has been shown t h a t  EDXRF i s  capable o f  ana lyz ing  coa ls  and SRC's f o r  e l e -  

mental content .  These analyses p rov ide  simultaneous r e s u l t s  f o r  severa l  impor tan t  
elements, namely s u l f u r ,  i r o n  and calcium, as we l l  as percent  ash, 
p resen t l y  t ake  w e l l  over  2 hours per sample t o  complete, b u t  by us ing  EDXRF t h i s  
t ime can be reduced t o  l e s s  than  one hour per  sample. Furthermore, EDXRF has an 
added fea tu re  i n  t h a t  i t  may be automated, l ead ing  t o  even s h o r t e r  a n a l y s i s  t imes  
per sample. Thus, EDXRF can be concluded t o  be an e f f e c t i v e  t o o l  t h a t  can p rov ide  
very accurate and r a p i d  analyses o f  coa ls  and SRC product  f o r  t h e i r  elemental con- 
t e n t .  
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TABLE 1 

Comparison o f  EOXRF t o  Atomic Absorpt ion and Leco S u l f u r  

Known 
Coal XRF A.A. Leco Value 

Western Kentucky 

Wyodak 

I l l i n o i s  #6 

Fe 
S 

Fe 
S 

Fe 
S 

P i t t s b u r g  #8 
Fe 
S 

Mon t e r r e v  
F< 
S 

Rosebud 
Fe 
S 

Bighorn 
Fe 
S 

Standards 
Fe 
S 
S 

0.697 
2.24 

0.265 
0.637 

0.629 
2.76 

0.561 
2.22 

1.165 
3.07 

0.466 
0.976 

0.267 
0.582 

0.1072 
1.995 
0.301 

0.800 

0.247 

0.526 

0.615 

0.732 

0.270 

0.216 

0.937 

2.56 

0.764 

2.45 

2.87 

3.24 

1.04 

0.620 

0.1000 
2.22 2.02 
0.278 0.31 
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TABLE 2 

EDXRF Analysis o f  SRC and Coal 

w t . %  
Element A B C D E F 

Si 1.612 1.813 2.097 
P 0.0755 0.183 0.0657 0.186 0.0840 0.251 
S 0.723 2.24 1.04 2.22 0.755 2.76 
c1 
K 
Ca 
T i  
v 
Cr 
Mn 
Fe 
Ni 
cu 
Zn 
As 
Br 

0.0097 0.0177 
0.001 0.0977 
0.0087 0.081 7 
0.0092 0.0383 
0.0037 0.0089 

0.0036 
0.0018 0.0022 
0.0427 0.697 
0.0002 0.0010 
0.0003 0.0012 . . . ~ ~ .  ... ~ 

0.0005 ' 0.0013 
0.0001 0.0008 
0.0002 0.0003 

0.0053 

0.0144 
0.0088 
0.0049 
0.0026 
0.0008 
0.0191 
0.0008 
0.0006 
0.0007 
0.0002 
0.0004 

0.105 
0.100 
0.910 
0.0537 
0.0099 
0.0025 
0.0043 
0.561 
0.0038 
0.0028 
0.0038 
0.0005 
0.0009 

0.112 
0.0024 Oil48 
0.0178 0.0549 
0.0036 0.0149 
0.0023 0.0058 
0.0026 0.0048 
0.0199 0.629 
0.001 0' 0.0020 
0.0014 0.0017 
0.0006 0.0015 
0.0001 0.0006 
0.0003 0.0005 

Sr 0.0014 0.0132 0.0014 

A Western Kentucky SRC 
B Western Kentucky 9/14 Coal 
C P i t t sburg  #8 SRC 
D Pi t t sburg  #8 Coal 
E I l l i n o i s  #6 SRC 
F I l l i n o i s  #6 Coal 
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TABLE 2 CONTINUED 

EOXRF Analysis of SRC and Coal 

w t . %  
Element G H I J K 1 

Si 1.073 0.1021 
P 0.0306 0.143 0.0953 
S 0.152 0.6371 1.172 
c1 0.0036 0.0536 
K 
Ca 
Ti 
v 
Cr 
Mn 
Fe 
N i  
c u  
Zn 
AS 
Br 
S r  

0.0162 
0.0078 
0.0023 
0.0017 
0.0012 
0.0228 
0.0013 
0.0017 
0.0005 
0.0001 

0.0001 

0.0310 0.0040 
0.858 0.0022 
0.0585 0.0133 
0.0353 0.0034 
0.0033 
0.0031 
0.2615 0.0450 
0.0006 
0.0056 0.0010 
0.0020 0.0004 
0.0004 0.0001 
0.0002 0.0004 
0.0137 0.0007 

Wyodak (Amax) SRC 
Wyodak (Amax) Coal 
I l l i n o i s  (Monterrey) SRC 
I l l i n o i s  (Monterrey) Coal 
Rosebud Coal 
Big Horn Coal 

2.578 
0.2193 
3.070 
0.241 
0.1245 
0.2750 
0.0617 
0.0104 
0.0090 
0.0087 
0.1651 
0.0015 
0.0201 
0.0016 
0.0006 
0.0005 
0.0013 

0.821 
0.122 
0.976 
0.106 
0.0266 
0.557 
0.0352 
0.0124 
0.0110 
0.0063 
0.466 
0.0019 
0.0017 
0.0004 
0.0003 
0.0008 
0.0088 

0.903 
0.101 
0.582 

0.0204 
0.473 
0.0511 

0.0041 
0.0025 
0.2667 
0.0014 
0.0058 
0.0013 
0.0005 
0.0001 
0.0074 

1 
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Chemical C o n s t i t u e n t s  I n  D i f f e r e n t  Solvent  Refined 
Coals  As A Funct ion Of The Feed Coal 

D.  L. Wooton, W. M .  Coleman, H. C. Dorn and L. T. Taylor  

Department of Chemistry, V i r g i n i a  Polytechnic  I n s t i t u t e  & S t a t e  Univers i ty ,  
Blacksburg, V i r g i n i a  24061 

The chemical c h a r a c t e r i z a t i o n  of t h e  organic  c o n s t i t u e n t s  i n  s o l v e n t  r e f i n e d  
c o a l  (SRC) is c u r r e n t l y  a s u b j e c t  of  major  concern (1) i n  terms of  understanding 
p r e s e n t  SRC processes  and  c o a l  process ing  i n  genera l .  The heterogeneous s e m i -  
s o l i d  SRC product o b t a i n e d  from present  p i l o t  p l a n t s  r e p r e s e n t s  a formidable  
a n a l y t i c a l  problem f o r  i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  of t h e  organic  materials 
p r e s e n t  i n  SRC s o l i d s .  I d e a l l y ,  chromatographic s e p a r a t i o n  of every i n d i v i d u a l  
organic  compound p r e s e n t  i n  SRC s o l i d s  would a l low r e l a t i v e l y  easy  i d e n t i f i c a t i o n  
v i a  modern a n a l y t i c a l  t o o l s ,  such  as, 1H and 1% Four ie r  t ransform nuclear  mag- 
n e t i c  resonance (lH and 1 3 C  FT nmr) and mass spectrometry.  
t h i s  approach, however, i s  ques t ionable  even assuming i d e a l  chromatographic reso-  
l u t i o n  could be achieved i n  l i g h t  of  t h e  enormous t i m e ,  q u a n t i t y  of m a t e r i a l  and 
probably weight l o s s e s  accompanying each chromatographic s e p a r a t i o n .  These l i m i t a -  
t i o n s  a r e  e s p e c i a l l y  a c u t e  f o r  s t u d i e s  which monitor changes i n  o r g a n i c  composi- 
t i o n  as a func t ion  of a p a r t i c u l a r  coa l  process  v a r i a b l e  (e.g., temperature ,  sol- 
vent ,  feed  coa l ,  e t c . ) .  An a l t e r n a t e  chromatographic  approach i n v o l v e s  p a r t i a l  
s e p a r a t i o n  of t h e  complex c o a l  product  mixture  i n t o  numerous f r a c t i o n s  based on 
e i t h e r  f u n c t i o n a l i t y ,  p o l a r i t y  0; e f f e c t i v e  molecular  s i z e .  
chromatographic f r a c t i o n s  from t h i s  p a r t i a l  s e p a r a t i o n  s t i l l  has  a n  obvious disad-  
vantage  i n  terms of a n a l y t i c a l l y  d e s c r i b i n g  "average" molecular  parameters .  
Although chemical c h a r a c t e r i z a t i o n  i n  terms of  "average" molecular  parameters  i s  
c e r t a i n l y  a less than  i d e a l  approach, i t  does provide a reasonable  method of  
monitor ing process ing  v a r i a b l e s  provided t h a t  chromatographic f r a c t i o n s  of  a given 
size o r  type (nonpolar, p o l a r ,  e t c . )  can b e  e a s i l y  se a r a t e d  wi th  near ly  quant i -  
t a t i v e  recovery. The e s t a b l i s h e d  u t i l i t y  of 1 H  and 13, FT nmr a l lows  a convenient  
method of deducing important  average  molecular  parameters ,  such as, H/C a l i p h a t i c  
and aromatic  r a t i o s  as w e l l  as a s s e s s i n g  t h e  r e l a t i v e  importance of a number of 
o t h e r  organic  f u n c t i o n a l  groups,  (e.g., carbonyl ,  hydroxyl, phenol, e t c . ) .  

a f u n c t i o n  of t h e  SRC process ing  feed  c o a l ,  we  have employed g e l  permeation chrom- 
atography (2 ,3)  f o r  s e p a r a t i o n  of  t h e  SRC s o l i d s  i n t o  f r a c t i o n s  based on e f f e c t i v e  
molecular  s i z e  r a t h e r  t h a n  o r g a n i c  f u n c t i o n a l i t y  o r  p o l a r i t y .  
t h e  advantage of p r o v i d i n g  "s ized" p r e p a r a t i v e  f r a c t i o n s  (0.5-2.0 grams) with 
near ly  q u a n t i t a t i v e  recovery  of  t h e  i n j e c t e d  m a t e r i a l  from t h e  chromatographic 
column. 

R e l a t i v e l y  l a r g e  q u a n t i t i e s  of material were necessary f o r  measuring metal  
conten t  v i a  f lameless  a tomic  a b s o r p t i o n  and f o r  determining t h e  n a t u r e  and concen- 
t r a t i o n  of t h e  organic  c o n s t i t u e n t s  v i a  1H and l3C FT nmr techniques ( 4 )  i n  conjunc- 
t i o n  wi th  elemental  combustion and average  molecular  weight (vapor phase osmometry) 
d a t a .  
P i l o t  p l a n t  o p e r a t i n g  a t  Wi lsonvi l le ,  Alabama. 
from e a s t e r n  feed c o a l s  ( P i t t s b u r g h  1 8 ,  and Western Kentucky 19 & 1/14), I l l i n o i s  
feed  c o a l s  ( I l l i n o i s  C6 and Monterey), and a wes tern  c o a l  (Amax). P r e p a r a t i v e  
s e p a r a t i o n  of t h e  t e t r a h y d r o f u r a n  (THF) s o l u b l e  p o r t i o n  of each SRC sample pro- 
vided f o u r  f r a c t i o n s  u s i n g  Bio-Beads s-X4 as t h e  column packing. The e l u t i o n  
volumes were h e l d  c o n s t a n t  f o r  each chromatographic f r a c t i o n  c o l l e c t e d  r e g a r d l e s s  
of t h e  SRC sample employed. The weight p e r c e n t  d i s t r i b u t i o n  f o r  f r a c t i o n s  10 
through 40 which correspond t o  decreas ing  e f f e c t i v e  molecular  s i z e  a long  wi th  
t h e  THF inso luble  f r a c t i o n  (-10) are presented  i n  Table  1. 
d a t a  i n  Table 1, a l l  t h e  SRC samples a r e  g r e a t e r  than  88% s o l u b l e  i n  THF. Although 
cons iderable  weight  changes occur  a s  a f u n c t i o n  of  t h e  SRC feed  c o a l  sample between 

The f e a s i b i l i t y  of 

C h a r a c t e r i z a t i o n  of  

I n  t h e  p r e s e n t  comparison s tudy  of t h e  organic  c o n s t i t u e n t s  i n  SRC s o l i d s  as 

This  approach has  

The five SRC samples  der ived  from d i f f e r e n t  feed  c o a l s  were obta ined  from a 
The SRC samples w e r e  ob ta ined  

A s  i n d i c a t e d  by t h e  
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f r a c t i o n s  1 0  and 30,  
g iven  f r a c t i o n .  
samples. 

I n  c h a r a c t e r i z i n g  t h e  organic  c o n s t i t u e n t s  f o r  t h e  major s o l u b l e  f r a c t i o n s ,  
a cursory  d i f f e r e n c e  between t h e  e a s t e r n  c o a l s  (e.g., P i t t s b u r g h  118 and W. Kentucky 
d9 6 t14)  wi th  t h e  wes tern  c o a l  (Amax) is evident .  The t o t a l  hydrogen t o  carbon 
r a t i o  (H/C)  d a t a  obta ined  from e lementa l  combustion are t a b u l a t e d  i n  Table  1 w i t h  
t h e  Amax SRC f r a c t i o n s  c o n s i s t e n t l y  e x h i b i t i n g  t h e  lowest  (H/C) r a t i o s  f o r  each 
f r a c t i o n .  
e a s t e r n  and I l l i n o i s  66  feed  c o a l s  is i n d i c a t e d  by t h e  r e l a t i v e l y  narrow range of  
average  molecular formulas  presented  i n  Table  2. The Amax and Monterey SRC f r a c -  
t i o n s  a r e  except ions  i n  t h i s  regard  (Table  3) and have c o n s i s t e n t l y  l a r g e r  molec- 
u l a r  formulas  f o r  a g iven  f r a c t i o n  a s  prev ious ly  suggested by t h e  molecular  weight 
d a t a  i n  Table 1. 

t h e  molecular  weight  d a t a  are r e l a t i v e l y  c o n s i s t e n t  f o r  a 
Some v a r i a t i o n s  do, however, occur  f o r  t h e  Amax and Monterey SRC 

The r e l a t i v e l y  c o n s t a n t  n a t u r e  of t h e  SRC samples der ived  from t h e  

Table  2 

Range of Average Molecular  Formulas f o r  Western Kentucky #9  & 1 4  
P i t t s b u r g h  118 and I l l i n o i s  #6 SRC F r a c t i o n s  * 

FRACTION FORMULA 

1 0  C41-55H35-4503. 7-4. 7S0.2-0.4N0.7-1.0 

20 C27-33H24-3002.5-3.4 S 0.2-0.4N0.5-0.6 

30 C22-27H20-2401. 4-2.ZsO.1-0. ZN0. 4 

*Values based on average  molecular  weights  and elemental  
combustion d a t a  

Table  3 

Average Molecular  Formulas For Amax and Monterey SRC F r a c t i o n s  

AMAX - FUNCTION MONTEREY 

10  C43.4H37.004. 5 '67. 5H52. 7'4.3 

'0. 3N0. 8 '0. qN1. 0 

20 '38. OH30. 3'2.6 C40.0H34.004. 1 

'O.SN0. 7 '0. 3N0. 6 

30 '34. ZH30. 9'1.5 '37. aH34. 0'3.0 

'0. 2N0. 5 '0. l N 0 .  5 

*Values based on average  molecular  weight and e lementa l  
combustion d a t a  
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The l H  and 1 3 C  nmr s p e c t r a  s u p e r f i c i a l l y  a e a r  very  similar f o r  a g i v e n  SRC 
f r a c t i o n  r e g a r d l e s s  of t h e  feed  c o a l .  Typica l  p5C and l H  FT nmr s p e c t r a  f o r  Amax 
F r a c t i o n  30 a r e  presented i n  F igures  1 and 2, r e s p e c t i v e l y .  Q u a n t i t a t i v e  nmr 
measurements, however, i n d i c a t e  major changes do occur  i n  t h e  a l i p h a t i c  and aromat- 
ic (H/C) r a t i o s  as summarized f o r  f r a c t i o n  30 samples i n  Table  4. The unusual ly  
low a l i p h a t i c  (H/C) r a t i o  f o r  t h e  Amax sample is very sugges t ive  of h i g h l y  con- 
densed c y c l i c  a l i p h a t i c  networks (e.g., s u b s t i t u t e d  adamantanes) prev ious ly  sug- 
ges ted  by a Mobile group ( 5 ) .  

t h r u s t  of t h i s  p r e s e n t a t i o n  with p a r t i c u l a r  a t t e n t i o n  focusing on t h e  Amax sample. 

Table  4 

(H/C) Aromatic and A l i p h a t i c  Rat ios  

Further  t r e n d s  and comparisons of t h e  organic  c o n s t i t u e n t s  w i l l  be  t h e  major 

For SRC F r a c t i o n  30 Samples* 

SRC ( H / C ) ~ ~ ~ .  (H/C)mO FA(Aromat i c i t y )  

P i t t s b u r g h  18 1.66  0.49 0.64 

West. Kentucky f 9  & t14  2.09 0.44 0.71 

I l l i n o i s  1/6 1 .35  0.57 0.64 

Monterey 2.12 0.46 0.73 

Amax 1.15 0.50 0.63 

* Values obtained from q u a n t i t a t i v e  1 H and 13C FT nmr measurements. 
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COMPARISON O F  SOLVENT REFINED LIGNITES WlTH SOLVENT REFINED BITU- 
MINOUS COALS. 

R. J. Baltisberger, K. J. Klabunde, V .  I. Stenberg, N. F. Woolsey, K. Saito and 
W. Sukalski. 

Department of Chemistry,  University of North Dakota, Grand Forks ,  N. D. 58202 

Introduction 
A considerable 

Comparison of SRL and SRC 

amount of work is currently being conducted on solvent refining 
of bituminous coals. 
e r  fuel o r  a s  a feedstock for  fur ther  refining. A parallel  program on lignite coal is  
being carried out in our Chemical Engineering Department (Project Lignite ), Con- 
sidering the properties of the start ing coals, it was initially assumed that SRC and 
solvent refined lignite (SRL) would be greatly different and, thus, second stage r e -  
fining reactions and conditions would have t o  be developed and "fine tuned" for  the 
different feedstocks. A s  these  programs developed, however, it soon became appar- 
ant that SRL and SRC were  more  s imi la r  t o  each other than the start ing coals were. 
In view of these s imi la r i t i es  and because of a lack of definitive evidence to the con- 
t r a r y ,  it has been generally accepted that the second stage reactions and conditions 
can be simultaneously, r a t h e r  than separately developed. 

In view of the importance of this tentative conclusion to  ou r  work, we have set  
about examining the s imi la r i t i es  and differences between a wide variety of SRL and 
SRC samples. Our  preliminary resul ts  (1)  were consistent with the conclusion that 
SRC and SRL were near ly  the same  within the l imits of the experiments and samples 
w e  were using. 
SRC produced under more  commercial  conditions and repor t  their  comparison here.  

Procedure: Samples refined from lignite, sub  bituminous and bituminous coals 
were obtained. ( 2 , 3 )  In addition, as controls,  more  deeply hydrogenated samples 
from a COSteam process  and f rom second stage hydrogenation of SRL were included 
in the  comparison. ( 3 )  The method of analysis w a s  s imi l a r  to that used previously 
(1) using the whole coal samples .  Ultimate analyses, including neutron activation 
oxygen analysis, nonaqueous t i trations,  uv, mw, nmr  and e s r  spectroscopy were used 
to examine these samples .  A difficulty rapidly developed. Several of the samples 
contained unreacted coal and ash.  Initially we thought a comparison could be made by 
correcting for these insoluble materials on the basis of pyridine solubility of the sam- 
ple. Neutron activation (naa) oxygen analysis showed, however, that oxygen by differ- 
ence and by naa f o r  maf samples  were fair ly  close, but samples containing ash  de- 
viated considerably (Table l).  Thus, the variability of oxygen in  the a sh  and unreacted 
c o d  led to  largc e r r o r s  i n  the amount of oxygen in the maf material .  
oxygen content could be c r i t i ca l  to  a lignite-bituminous coal comparison, we set  out 
to develop an exact,  reproducible laboratory deashing procedure. 
cedure w a s  based on pyridine Soxhlet extraction, filtration of the eluate and removal 
of pyridine under s tandard  conditions. 
ple was checked by pmr .  Several samples were crosschecked by mass  spectroscopy. 
A s  little as 0. 2% pyridine could have been detected. 
the percentage of each sample  found soluble in pyridine with and without 5 p filtration. 
The resu l t s  show the 5 p sizing procedure seems  desirable,  especially in view of 
the variable amounts of mater ia l s  obtained f rom different samples by this technique. 
For laboratory studies w e  would like t o  propose this separatory technique a s  a stand- 
a rd  procedure to  define a n  SRC or SRL (cf Experimental Section). 

The result ing solvent refined coal (SRC) can  be used a s  a boil- 

We have now obtained more  representative samples of both SRL and 

Because the 

The deashing pro- 

The amount of pyridine remaining in each sam- 

None was found. Table I shows 

Discussion of Analytical - Spectroscopic Results. 

A. w: Proton  n m r  analysis of samples before and after deashing indicates 
no g ross  changes in the samples .  Nevertheless, smal l  systematic changes did oc- 
cur. 
the same  Har/(H@ +Ho) 

Samples, both SRL and SRC, initially containing a sh  and unreacted coal had 
rat io  within experimental e r r o r  before and af ter  deashing. 
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(Table 11). Maf samples  showed changes of 0.07-0.26 in this ra t io ,  which is out- 
side the precision of the measurements.  Another subtle, but consistent t rend  for 
nearly all  samples was a decrease in the Ha/Ho ratio on deashing. This was t rue  
fo r  initially maf, as well a s  samples with ash and unreacted coal. Fur thermore ,  
this  change in ratio was 0.-0.48 for SRL's and larger, 0.36-1.27, for  SRC!s. Ex- 
cluding the Amax sample, the range w a s  1 .  17- 1.27. 
0. 83-1. 17 f o r  two samples when the pyridine insoluble fraction w a s  simply fi l tered 
off (nmr s were run with all  insoluble mater ia l  prqsent in non maf mater ia l ) .  

Only experience .wi l l  show if the change in H@/Ho ratio,  caused by laboratory 
deashing, can be used to  identify the coal used for SRC or SRL preparation. 
e r  these smal l  changes a r e  caused by material  in the ash  or by chemical reaction 
during the deashing process also remains  t o  be investigated. Our experience with 

FT carbon-13 determined Car /C  total (ie fa) ratios a r e  consistent with a recent 
repor t  (4) that the ratios determined from proton and carbon- 13 nmr  are very s im-  
i lar .  

and after deashing were a l so  measured. 
before deashing is much less than for  the three concentration extrapolated values 
determined on the laboratory deashed material .  Even so,  the two values for each 
sample were either the same within experimental e r r o r  or very close t o  each other 
(with the exception of Tacoma (maf), which increased significantly). The ranges,  in 
general ,  both before and after deashing a r e  not grossly different, although the SRC's 
(before 420-597; after 460-620) a r e  marginally higher in  mw than the SRL's (before 
400-598; af ter  428-481). 

C. Ultraviolet S ectra:  The ultraviolet spec t ra  for  these samples was run  be- 
tween 270 - 400nm an: is plotted v s  E l %  in Fig. l .  These and other such samples  
have remarkably featureless spectra.  All samples thus far examined, fa l l  generally 
within the range shown. These factors make it unlikely that SRL's and SRC's may be 
distinguished by such data. 
indicates that l a rger  reductive changes, however, can be characterized by uv spec t r a  
(Fig. 1). There a l so  seems to  be a relationship between the integrated uv absorption 
and both Har and Halip f rom n m r  data (Fig. 2) .  

The Ha/Ho decreased by 

wheth- 

(s. for  MllA Carbon-13 = 0.815+0.009 and from proton fa=O.813). 
B. Molecular Weight: The molecuTar weights (by VPO) of the samples before 

The precision on the single determinations 

Comparison to the COSteam and J-1- 11-87 samples,  

D. Acid base properties:  non aqueous t i tration for acidity gave a range of 
1.34-2.80 meq/g  for  SRCs and 1.45-2.95 for  SRC'S. The basic t i ter  ranged fo r  SRL's 
0.30-0.63, and 0.52-0.84 meq/g  for  SRC's. Where comparisons can currently b e  
made, the oxygen content is marginally lower for SRL'S (despite the fact that initially 
it w a s  much higher in  lignite) than for  SRC's. Nitrogen content for SRL's is generally 
lower than for  SRC.'S. Thus, the acidity and basicity of both SRL'S and SRC's s eem to 
parallel  roughly the percentage oxygen and nitrogen respectively in the sample.  

samples with carbon ranging 85-9070 (maf) and hydrogen, 5-670 for  SRL and SRC sam- 
ples. The sulfur content ranges somewhat higher for SRC's. 1.30-3.68% (but only 
a t r ace  for Amax) than f o r  SRLfs> 0.85- 1.24; probably a reflection of the sulfur con- 
tent of starting coal. 

E. Electron spin resonance: The e s r  spec t ra  of the samples w a s  measured ,  
with the resul ts  given in Table 11. The range of g-values was very sma l l  for a l l  sam- 
ples investigated, 2.0026-2.0028. The g values a r e  in good agreement 
with those reported for coals having carbon contents over 80%. The linewidths for 
SRC,S ranged 3.8-4.8 gauss; for SRCk 1.7 to  7.6.  
lower than that expected fo r  a vitrain of comparable hydrogen content. (5)  

Summary of Ana1,ytical Comparisons: While the comparisons a r e  not yet com- 
plete, the gross  makeup of the samples indicate that SRL's and SRC's a r e  quite simi- 
lar. The variations noted in the uv, molecular weight, e s r ,  and nmr  analyses may 
be more a function of reaction conditions than of start ing coal. The precentage com- 
position and acid-base characterist ics seem to indicate that the  start ing coal proper- 
t ies ,  particularly nitrogen, sulfur and oxygen percentages, may be ca r r i ed  over into 
the solvent refined products, although they are affected also, to a la rge  extent, by 
reaction conditions. 

The percentages of C, H a r e  typical (Amax % C is low and is being checked) of other 

The linewidth appears marginally 

Furthermore,  in cases  which we have investigated thus far, hydrotreating of 
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SRL and SRC have shown s imi la r  trends,  in that their  reactivit ies and product dis- 
tribution$ depend more  on how they a r e  made, stored and treated than on the s tar t -  
ing coal. 

analyses for whole solvent refined samples.  
cedure which we have developed, appears necessary.  
ples by difference may be generally acceptable, but should be checked with neutron 
activation analysis and is absolutely essential  with samples containing unreacted coal 
and ash. A standardized procedur6 which w e  are developing needs to be uniformly 
applied t o  pulsed carbon- 13 nmr  analyses. 

Future Work in Analysis of Gross  Solvent Refined Coal Samples: Application of 
Carbon- 13 nmr techniques have been applied to  coal derived samples,  but generally 
only t o  that portion of t he  sample soluble in a "desirable" nmr  solvent (CS2, CDC13, 
etc. 1. 
( l ike  SRL and SRC) a r e  not soluble in these solvents. 
ize  whole samples, e i ther  new solvents or new techniques have to  be developed. We 
are working on both. 

A second area of cr i t ical  concern to u s  is the qualitative way comparisons cur- 
rently must be made. A cr i t ical  set of standardized measurements needs t o  be de- 
veloped (which we have alluded t o  above). These measurements should then be re- 
duced t o  a set of cr i t ical  s t ruc tura l  factors ,  probably through a computerized tech- 
nique which will allow d i rec t  quantitative comparison of samples.  
a r e  being made on this approach, (6) better methods need t o  be developed. 

Assessment of Anal,*ical Procedures:  Several difficulties have emerged i n  these 
A standardized laboratory deashing pro- 

Oxygen analysis on maf sam- 

Whole solvent refined samples containing large amounts of preasphaltenes 
In o rde r  t o  properly character-  

While inroads 

Experimental Section 
Analyses were performed by Midwest Micro and Spang Laboratories.  Nmr 

spec t ra  were measured  on an EM-390 and analyzed,as previously described. (1)  
Titrations were conducted,as previously indicated. ( 1 )  

Neutron activated analysis was car r ied  out by Intelcom Rad Tech, San Diego, 
CA. Uv spectra were measured  on a Cary 14 in dimethylacetamide. 
determined on a Bruker ER 420. 
a Corona Wescan 232 V P O  in dimethylformamide, the la t ter  at 74.8' at three dif- 
ferent concentrations with extrapolation to  infinite dilution. Very little association 
was noted in this solvent. 

Laboratory Deashing Procedure: A Whatman no. 1 Soxhlet thimble w a s  shrunk 
in acetone, dried at  llO°C, cooled in a dcssicator and weighed to  constant weight. 
A 3 t o  5 g sample of SRL o r  SRC was weighed into the thimble and extracted with py- 
ridine for 24 h r s  under nitrogen. 
in a dessicator and weighed. The pyridine solution was filtered through a preweighed 
5 LI Teflon filter. The sum of the  sample in the thimble and on the fi l ter  constituted 
the undissolved sample by definition. Most of the pyridine in  the fi l trate was re- 
moved at 50° ( l m m ) ,  then at 50' (0.05mm) f o r  24 hrs .  The sample was scraped in- 
t o  a drying boat and fur ther  dried at 56O (0. Imm) for 24 h r s .  After grinding in a 
mor t a r ,  the sample was redr ied  a t  100° (0. Imm)  fo r  24 h r s  more. Less  than 1% 
of pyridine could be observed by nmr  in  hexamethylphosphoramide. 
met ry  indicated less  than 0.270 pyridine in severa l  samples. 

E s r  were 
Molecular weights were measured by Spang, and with 

The thimble w a s  dried at l l O o  for 24 hrs .  cooled 

Mass spectro- 
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Sample 

Tacom_a 1 1  
Amax 
M5-C 
M13-A 
M2 1 -A 
Tacoma I 
Wilsonville 

M 1 1 -A". .,. 

Table I 
Comparison of Deashing Techniques 

Simple Filtration 
Extraction Extraction 

100 96. a 
99.7 95.4 
99. a 94.1 
80. 1 
86. 1 
75.8 

U 
Haru / Car 
CL 

84.2 
77.6 
68.0 

71. a 69.6 
76.4 59.3 

maf a s  received 
neutron activation analysis 

.L 

96 * 

Ra 

Esr AH(pp)(G) 
g value 

Molecular Formula 
C 
H 
N 
S 
0 

Acid eqlmole 
Base eq/mole 

Table I1 

M11-A 
89.31 
5.80 
1.11 
0.86 
2.35 

2 . 2 2  
0.30 

49729 

96.80 

2.58 

0.813 

'1.07 

0.304 
0.707 
1.39 
5.28 

4.8 
2.0026 

36.9 
28.8 

0.39 
0. 13 
0.73 
1.10 
0. 15 

70 0 
by difference 

5.80 
3. 81 

12.36 

2.91 
7.  04 

3. aa 

10.7 
8.49 

Amax - 
ao. 57 
5.50 
1.57 
0.02 
3.37 

2,9 5 
0.55 

94.10 
1.00 
2 . 2 2  

0.797 
0.399 
0.849 
1.45 
3.41 

585+7 

39.2 
32.1 
0.66 - 
1.22 
1.72 
0.32 

by NAA** 
2.35 
3.22 
3.37 
7.31 
5.37 
5.57 
6.53 
7.71 

Tacoma (maf) 

87.19 
5.45 
2 .25  
1.3 
3.22 

6242 19 
3.35 
0.  a4 

95.38 
0.826 

0. a97 

3.46 

0.397 
0.701 
1.29 
5. a 2  

2.002a 
7.6 

45.3 
34.0 

1.00 
0.25 
1.26 
2.09 
0.52 
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ELECTRON SPIN RESONANCE STUDIES OF COALS AND COAL-DERIVED ASPHALTENES 

H .  L. Retcofsky, G. P. Thompson, M. Hough, and R. A. F r i e d e l  

U. S.  Energy Research and Development Adminis t ra t ion 
P i t t s b u r g h  Energy Research Center  

4800 Forbes Avenue, P i t t s b u r g h ,  PA 15213 

INTRODUCTION 

The d iscovery  o f  e l e c t r o n  s p i n  resonance ( e s r )  absorp t ion  i n  n a t u r a l  carbons by 
Uebersfeld (1) and Ingram ( 2 )  prompted a number of i n v e s t i g a t o r s  to  apply t h e  tech- 
n ique  t o  coa l  and materials der ived from c o a l .  A t  least  t h r e e  e x c e l l e n t  review 
a r t i c l e s  descr ib ing  t h e  e a r l y  esr s t u d i e s  o f  c o a l s  have been published ( 3 - 5 ) .  A l -  
though t h e  e x a c t  n a t u r e  of t h e  s p e c i e s  r e s p o n s i b l e  f o r  t h e  esr absorp t ion  h a s  not  
been e s t a b l i s h e d  unambiguously, i t  i s  g e n e r a l l y  thought t h a t  t h e  unpaired e l e c t r o n s ,  
a t  least i n  non-anthrac i t ic  and p o s s i b l y  young a n t h r a c i t i c  c o a l s ,  a r e  a s s o c i a t e d  
wi th  organic  f r e e  r a d i c a l  s t r u c t u r e s .  One group of i n v e s t i g a t o r s ,  however, has  
proposed t h a t  charge- t ransfer  complexes r a t h e r  than s t a b l e  f r e e  r a d i c a l s  may be 
r e s p o n s i b l e  for the  a b s o r p t i o n  ( 6 ) .  

During t h e  p r e s e n t  i n v e s t i g a t i o n ,  esr s p e c t r a  were obta ined  f o r  v i t r a i n s  and f u s a i n s  
from a l a r g e  number of c o a l s .  For most ranks of c o a l ,  samples of bo th  l i t h o t y p e s  
w e r e  s tud ied .  The o b j e c t i v e s  of t h e  i n v e s t i g a t i o n  were: 1) t o  b e t t e r  c h a r a c t e r i z e  
t h e  imnediate  chemical environment of t h e  unpaired e l e c t r o n s ;  2 )  t o  deduce informa- 
t i o n  about  t h e  metamorphic changes t h a t  occur dur ing  v i t r i n i z a t i o n  and f u s i n i z a t i o n ;  
and 3) t o  provide needed background informat ion  f o r  f u t u r e  s t u d i e s  of t h e  r o l e  of 
f r e e  r a d i c a l s  i n  c o a l  l i q u e f a c t i o n .  To f u r t h e r  pursue t h e  l a t t e r  o b j e c t i v e ,  esr 
s p e c t r a  of asphal tenes ,  which a r e  considered by many c o a l  r e s e a r c h e r s  t o  be  i n t e r -  
media tes  i n  t h e  convers ion  of coa l  t o  l i q u i d  f u e l s ,  were a l s o  obta ined .  A secondary 
purpose f o r  examining t h e  asphal tenes  was t o  explore  the  r e c e n t  hypothes is  ( 7 )  t h a t  
charge- t ransfer  i n t e r a c t i o n s  may be important  b inding  f o r c e s  between t h e  a c i d / n e u t r a l  
and b a s e  components i n  t h e s e  m a t e r i a l s .  

EXPERIMENTAL 

Samples. 
a l though s e v e r a l  of t h e  v i t r a i n s  a r e  more a p p r o p r i a t e l y  descr ibed  as v i t r a i n - r i c h  
samples. S ix ty- three  v i t r a i n s ,  inc luding  samples from Antarc t ica ,  A u s t r i a ,  Canada, 
Germany, Japan, P a k i s t a n ,  Peru,  t h e  Ilnited S t a t e s ,  and Yugoslavia, and 30 f u s a i n s ,  
most of which were s e p a r a t e d  from U. S. c o a l s ,  w e r e  i n v e s t i g a t e d .  Pe t rographic  
c h a r a c t e r i z a t i o n  and o t h e r  p r o p e r t i e s  of many of these  samples were publ ished pre- 
v i o u s l y  (8).  

The asphal tene  samples were der ived  from products  from the  P i t t s b u r g h  Energy Research 
C e n t e r ' s  SYNTHOIL ( 9 )  c o a l  l i q u e f a c t i o n  Process  Development Unit us ing  a r e c e n t l y  
descr ibed  s o l v e n t  s e p a r a t i o n  method (10). 
the  asphal tenes  were prepared according t o  publ ished procedures  (11). 

S p e c t r a l  Measurements. The esr measurements were made over a uer iod of approxi-  
mately ten years .  
e a r l i e r  (12)  except  f o r  minor modi f ica t ions  t h a t  were made over  the  y e a r s  t o  f a c i l -  
i t a t e  t h e  measurements. 
t o r r )  t o  prevent  l i n e  broadening by oxygen i n  the  a i r .  The e l e c t r i c a l  p r o p e r t i e s  of 
many of the h igher  r a n k  samples n e c e s s i t a t e d  t h a t  t h e  samples be d ispersed  i n  a non- 
conducting medium t o  avoid  microwave s k i n  e f f e c t s .  

Most of t h e  v i t r a i n s  and f u s a i n s  s t u d i e d  w e r e  of h igh  pe t rographic  p u r i t y ,  

The a c i d / n e u t r a l  and base components of 

The experimental  techniques were e s s e n t i a l l y  those  publ ished 

A l l  esr measurements were made on evacuated samples 
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RESULTS AND DISCUSSION 

V i t r a i n s  and Fusains .  
i n v e s t i g a t i o n  a r e  f a r  too  numerous t o  t a b u l a t e  here ;  complete l i s t i n g s  of t h e  d a t a  
a r e  a v a i l a b l e  from t h e  a u t h o r s  upon r e q u e s t .  
t h e  more s i g n i f i c a n t  c o r r e l a t i o n s  of  t h e  d a t a  wi th  c o a l  composition o r  c o a l  rank .  

The concent ra t ions  of  unpaired e l e c t r o n s  i n  t h e  v i t r a i n s ,  as es t imated  by comparing 
t h e  esr i n t e n s i t y  of  each sample wi th  t h a t  of a s tandard  sample of  diphenylpicrylhy-  
drazyl ,  are shown as a f u n c t i o n  of t h e  carbon c o n t e n t s  of t h e  samples in Figure  1. 
The r e l a t i o n s h i p  of  F igure  1 i s  s i m i l a r  t o  those  from earlier s t u d i e s  (3-5, 1 2 ) ,  
a l though t h e  s c a t t e r  of t h e  d a t a  p o i n t s  is more pronounced i n  t h e  present  work. 
These d a t a  show t h a t ,  i n  genera l ,  t h e  c o n c e n t r a t i o n s  of unpaired e l e c t r o n s  i n c r e a s e  
with increas ing  c o a l  rank up t o  a carbon content  of approximately 94% af te r  which 
t h e  s p i n  concent ra t ions  decrease  r a p i d l y .  The i n i t i a l ,  c rude ly  exponent ia l  i n c r e a s e  
i n  s p i n  concent ra t ion  i s  genera l ly  a t t r i b u t e d  t o  t h e  formation of organic  f r e e  rad i -  
c a l s  during v i t r i n i z a t i o n .  The f r e e  r a d i c a l  e l e c t r o n s  are thought to  be  d e l o c a l i z e d  
over aromatic  r i n g s  and thus  s t a b i l i z e d  by resonance.  Resonance s t a b i l i z a t i o n  of 
t h e  r a d i c a l s  i s  g r e a t e r  f o r  t h e  v i t r a i n s  from higher  rank c o a l s  s i a c e  t h e s e  presuma- 
b l y  conta in  the  l a r g e r  po lynuclear  condensed aromat ic  r i n g  systems. The p r e c i p i t o u s  
decrease i n  s p i n  concent ra t ion  above 94% C r e s u l t s  from t h e  increased  c o n d u c t i v i t y  
of  t h e  samples. 

In c o n t r a s t  t o  t h e  r e s u l t s  f o r  v i t r a i n s ,  t h e  s p i n  concent ra t ions  of  t h e  f u s a i n s  
(Figure 2) e x h i b i t  no r e a d i l y  d i s c e r n a b l e  dependence on carbon content .  The wide 
v a r i a t i o n  i n  thermal h i s t o r y  experienced by f u s a i n s  dur ing  t h e i r  formation is t h e  
most l i k e l y  explana t ion  f o r  t h i s  behavior  (13) .  

The changes t h a t  occur  i n  esr l inewidths  and g v a l u e s  dur ing  v i t r i n i z a t i o n  and fu- 
s i n i z a t i o n  a r e  shown i n  F igures  3-6. The a b s c i s s a  used i n  t h e s e  f i g u r e s  is based on 
t h e  c o a l i f i c a t i o n  p l o t s  of Schopf (14) wi th  s l i g h t  modi f ica t ions  by Parks (15) and 
t h e  present  au thors .  The ranks shown on t h e  p l o t s  a r e  those  of t h e  parent  c o a l s  a s  
determined by s tandard  procedures  (16). 

For t h e  v i t r a i n s ,  an i n c r e a s e  i n  esr l inewidth  wi th  i n c r e a s i n g  rank  i s  f i r s t  ob- 
served (Figure 3 ) ;  t h i s  t rend  is reversed  a t  t h e  low rank bituminous s t a g e .  The 
r a t e  of decrease  becomes l a r g e r  a s  c o a l i f i c a t i o n  progresses  through t h e  h igher  rank 
bituminous s t a g e s  t o  the  e a r l y  a n t h r a c i t i c  s t a g e s .  Some of t h e  a n t h r a c i t e s  and most 
of t h e  meta-anthraci tes  e x h i b i t  very broad l i n e s  ( n o t  shown i n  t h e  f i g u r e ) ;  a l i n e -  
width i n  excess  of 60 gauss  was observed f o r  one such coa l .  The l inewidth  r e s u l t s  
can be  i n t e r p r e t e d  as fol lows:  Nuclear broadening, i . e . ,  unresolved proton-electron 
hyper f ine  i n t e r a c t i o n s ,  p lays  an important  r o l e  i n  t h e  observed l i n e w i d t h s  of p e a t s ,  
l i g n i t e s ,  and bituminous c o a l s .  The r e l a t i v e l y  narrow l i n e s  observed i n  t h e  s p e c t r a  
of  some of t h e  a n t h r a c i t e s  probably r e s u l t  from t h e  smal le r  number of protons i n  the 
samples, a l though exchange narrowing of t h e  esr resonances may a l s o  be occurr ing .  
The proton l i n e  broadening hypothes is  is supported by a r e c e n t  esr s tudy  of c o a l s  
before  and a f t e r  c a t a l y t i c  dehydrogenation (17) .  The very l a r g e  l i n e w i d t h s  of t h e  
h i g h e s t  rank materials are undoubtedly due t o  t h e  presence of g r a p h i t e - l i k e  s t r u c -  
t u r e s  which form dur ing  t h e  l a t t e r  s t a g e s  of c o a l i f i c a t i o n .  The d i f f i c u l t y  i n  d i f -  
f e r e n t i a t i n g  between a n t h r a c i t e s  and meta-an thrac i tes  (18) may be r e s p o n s i b l e  f o r  
t h e  apparent  l a c k  of p r e d i c t a b i l i t y  of l i n e w i d t h s  in v i t r a i n s  from c o a l s  of t h e s e  
ranks.  

The esr l inewidths  f o r  t h e  f u s a i n s  (F igure  4 )  a r e  very  small, f r e q u e n t l y  less than 
one gauss ,  except  f o r  samples from t h e  lowest  rank c o a l s .  Unlike t h e  r e s u l t s  f o r  
t h e  v i t r a i n s ,  no evidence w a s  found f o r  t h e  formation of g r a p h i t i c  s t r u c t u r e s  
dur ing  t h e  l a t t e r  s t a g e s  of f u s i n i z a t i o n .  In a d d i t i o n ,  t h e  gradual  decrease  i n  

ESR d a t a  obta ined  f o r  v i t r a i n s  and f u s a i n s  dur ing  t h e  present  

The p l o t s  of F igures  1-6 show some of 
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l inewidths  of v i t r a i n s  as c o a l i f i c a t i o n  proceeds from the low rank  bituminous s t a g e s  
t o  t h e  e a r l y  a n t h r a c i t i c  s t a g e s  (Figure 3) appears  as a very  rap id  change i n  t h e  
f u s i n i z a t i o n  p l o t  (F igure  4 ) .  This  is i n  accord wi th  Schopf ' s  (14 )  r e p r e s e n t a t i o n  
of  f u s i n i z a t i o n  as a process  which has  a n  e a r l y  i n c e p t i o n  and progresses  r a p i d l y  i n  
t h e  pea t  and l i g n i t i c  s t a g e s ,  a f t e r  which t h e  metamorphic changes become near ly  
impercept ible .  V i t r i n i z a t i o n ,  on  t h e  o t h e r  hand, involves  a p r o g r e s s i v e  change 
throughout s t a g e s  of  rank  development. 

The r e l a t i o n s h i p  between t h e  g v a l u e s  of  t h e  l i t h o t y p e s  and c o a l  rank (Figures  5 and 
6) a l s o  suppor ts  Schopf 's  t h e o r i e s  of v i t r i n i z a t i o n  and f u s i n i z a t i o n .  The l a r g e  g 
v a l u e s  found f o r  t h e  v i t r a i n s  from meta-anthraci tes  is i n  accord wi th  t h e  f i n a l  s t e p  
i n  v i t r i n i z a t i o n  being t h e  f u s i n g  of aromatic  r i n g s  i n t o  g r a p h i t e - l i k e  s t r u c t u r e s .  
The g va lue  of each of t h e  v i t r a i n s  and f u s a i n s  i s  h igher  than t h a t  of  the  f r e e  
e l e c t r o n  and l i e s  i n  t h e  s p e c t r a l  r e g i o n  expected f o r  s imple  organic  f r e e  r a d i c a l s .  
The only except ions  a r e  v i t r a i n s  from t h e  more h i g h l y  metamorphized c o a l s ,  one of 
which exhib i ted  a g v a l u e  of 2.011. 

The f a c t  t h a t  esr g v a l u e s  of  organic  f r e e  r a d i c a l s  are g r e a t e s t  f o r  r a d i c a l s  i n  
which the  unpaired e l e c t r o n  i s  l o c a l i z e d  or p a r t i a l l y  l o c a l i z e d  on atoms having h igh  
s p i n - o r b i t  coupl ing c o n s t a n t s  can be  used t o  e x p l a i n  t h e  g v a l u e  r e s u l t s  f o r  v i -  
t r a i n s .  Since t h e  heteroatom c o n t e n t s  of c o a l s  decrease  wi th  i n c r e a s i n g  rank, the 
h igh  g va lues  f o r  p e a t s  and l i g n i t e s  can  be  i n t e r p r e t e d  i n  t e r m s  of aromatic  rad i -  
c a l s  wi th  some p a r t i a l  l o c a l i z a t i o n  of the  unpaired e l e c t r o n s  on heteroatoms, par- 
t i c u l a r l y  but  n o t  e x c l u s i v e l y  oxygen. A s  c o a l i f i c a t i o n  progresses  t h e  g va lues  
decrease ,  sugges t ing  t h a t  t h e  r a d i c a l s  become more "hydrocarbon-like. ' '  The g v a l u e s  
o f  many of  t h e  v i t r a i n s  from bituminous and young a n t h r a c i t i c  c o a l s  compare favor- 
a b l y  wi th  those e x h i b i t e d  by aromatic  hydrocarbon r a d i c a l s .  During t h e  f i n a l  s t a g e s  
of  c o a l i f i c a t i o n ,  t h e  g v a l u e s  become q u i t e  l a r g e  as one would expect i f  continued 
condensat ion of t h e  a romat ic  r i n g s  i n t o  g r a p h i t e  s t r u c t u r e s  occurs .  The observa t ion  
of  a smal l ,  bu t  reproducib le ,  a n i s o t r o p y  i n  the  g v a l u e  of c e r t a i n  a n t h r a c i t e s  (Fig- 
u r e  7 )  sugges ts  t h a t  some order ing  of t h e  polynuclear  condensed aromatic  r i n g s  is  
occurr ing .  

Coal-Derived Asphal tenes .  To b e t t e r  understand t h e  chemistry of c o a l  l i q u e f a c t i o n ,  
a n  esr i n v e s t i g a t i o n  of coal-der ived asphal tenes  w a s  i n i t i a t e d .  Prel iminary r e s u l t s  
are presented here .  Of p a r t i c u l a r  concern was t h e  temperature  v a r i a t i o n  of t h e  e s r  
i n t e n s i t i e s  of a s p h a l t e n e s  and t h e i r  a c i d / n e u t r a l  and b a s e  components (Figure 8). 
The most s i g n i f i c a n t  f i n d i n g  to  d a t e  is t h a t  t h e  weighted average of t h e  temperature 
dependencies of  t h e  two components reproduces t h e  temperature  dependence of t h e  
t o t a l  asphal tene  ( b e f o r e  s e p a r a t i o n )  e x c e p t i o n a l l y  wel l .  This sugges ts  t h a t  charge 
t r a n s f e r  i n t e r a c t i o n s ,  a t  least i n  t h e  Mullikan sense,  a r e  r e l a t i v e l y  unimportant 
binding f o r c e s  between t h e  a c i d / n e u t r a l  and base  components of  t h e  asphal tenes .  
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Figure 7 - 9  Value onisotropy in Huber Mine anthracite 
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ISOTOPIC STUDIES OF THERMALLY I N D U C E D  REACTIONS OF 

COAL A N D  COAL-LIKE STRUCTURES 

Clair  J .  Collins,  Ben M. Benjamin, Vernon F. Raaen, 
(1 1 Paul H .  Maupin, and W. H .  Roark 

Contribution from the  Chemistry Division, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, 37830 

We recently (2)  reported t h a t  under conditions of coal conversion ( t e t r a l i n ,  
400") several diarylalkanes undergo carbon-carbon cleavage, and tha t  the scission 
of carbon-carbon bonds must therefore be considered a s  a n  important process i n  
asphaltene formation. 
coa l )  was a "be t t e r  hydrogen t r ans fe r  agent" than t e t r a l i n  i t s e l f  f o r  the  hydro- 
genolysis of 1 ,1,2-triphenylethane t o  diphenylmethane and toluene. 
extended these s tud ies  t o  es tab l i sh  a )  t h a t  v i t r i n i t e  i s  indeed a be t t e r  hydrogen 
donor than t e t r a l i n  toward several organic s t ruc tures ;  b )  t h a t  t e t r a l i n ,  in addi- 
=to i t s  function a s  a hydrogen donor, can undergo cer ta in  other reactions with 
coal and w i t h  coa l - l ike  s t ruc tu res  which involve both carbon-carbon bond formation 
and bond cleavage. 

A Comparison of Tetralin and Vi t r in i t e  a s  H-Donors 

We also reported ( 2 )  t h a t  v i t r i n i t e  (from I l l i n o i s  No. 6 

ble have now 

When 1,Z-diphenyl-1-p-tolylethane i s  heated a t  400" ( e i the r  i n  g lass  capi l -  
l a r i e s  or i n  s t a in l e s s  s t ee l  tubes) with an excess of t e t r a l i n ,  the  major products 
a re  toluene and phenyl-p-tolylmethane. 
phenyl-1-ptolylethane i s  heated a t  400" i n  the  presence of an excess of v i t r i n i t e  
(handpicked from I l l i n o i s  No. 6 coa l ) .  

Table I 

A Comparison of Te t ra l in  and I l l i n o i s  

The same products a r e  obtained when 1,2-di- 

Given in Table I i s  a comparison of the 

No. 6 Vi t r in i t e  a s  Hydrogen Donors 

Percent 
Reactants Conditions Reaction 

1,2-Diphenyl-l-p 400", 5 mina 2% 
t o  1 yl  ethane t e t r a l i n  

94% 400", 33 min  
t e t r a l  in 

400°, 5 mina 50% 
b v i  t r i n i  te 

23% 
t e t r a l  in 

t e t r a l i n  & v i t r i n i t e  

v i t r i  ni te 

b 

b 1.3-diphenylpropane 400°, 30 m i n  

400", 30 minb 43% 

400°, 30 m i n b  6 5% 

a )  The oven was a t  400°, b u t  the warm-up time i s  15 minutes, thus the  

b )  30 min included warm-up time. 
actual temperature was considerably l e s s  t h a n  400". 
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e x t e n t  r e a c t i o n  - as determined by g.c. a n a l y s i s  o f  t h e  products  - a f t e r  va r ious  
con tac t  t imes w i t h  t e t r a l i n  o r  w i t h  v i t r i n i t e .  

Another d i a r y l a l k a n e  which i s  e a s i l y  decomposed i n  the  presence o f  excess 
t e t r a l i n  o r  excess v i t r i n i t e  i s  1,3-diphenylpropane. 
cases a r e  to luene and ethylbenzene, a l t hough  a m u l t i p l i c i t y  o f  minor products  a r e  
produced. 
1,3-diphenylpropane (400" f o r  30 minutes! a )  w i t h  excess t e t r a l i n ;  b) w i t h  excess 
t e t r a l i n  and v i t r i n i t e ;  and c )  w i t h  excess v i t r i n i t e .  
case was est imated f rom t h e  g.c. t race.  

t i l e  po lymer ic  m a t e r i a l ,  nor  h i g h  mo lecu la r  we igh t  products  o f  r e a c t i o n  w i t h  v i t r i -  
n i t e ,  i t  i s  p o s s i b l e  t h a t  t h e  v i t r i n i t e  is  a c t i n g  n o t  as a hydrogen donor, b u t  
merely as a c a t a l y s t ,  and t h a t  t h e  source o f  t h e  hydrogen f o r  t h e  hydrogenolyses 
comes f rom the  1,2-diphenyl-1-p-tolylethane o r  f rom t h e  1,3-diphenylpropane. To 
c i rcumvent  t h i s  problem, we heated benzophenone t o  400" f o r  one hour a )  i n  t h e  
presence o f  excess t e t r a l i n ,  and b )  i n  the  presence o f  excess v i t r i n i t e .  The ma jo r  
products  are diphenylmethane and water, w i t h  t races  o f  t o luene  and benzene. The 
r e a c t i o n  i n  t e t r a l i n  proceeded t o  the  e x t e n t  o f  o n l y  12%, whereas i n  t h e  presence o f  
v i t r i n i t e  35% r e a c t i o n  had occurred.  

Reactions o f  T e t r a l i n  o t h e r  than Hydrogen Donation 

The major  products  i n  bo th  

Also g iven i n  Table I a r e  com a r i sons  o f  t h e  e x t e n t  r e a c t i o n  o f  

The e x t e n t  r e a c t i o n  i n  each 

Since the  r e a c t i o n s  were moni tored by g.c., which would de tec t  n e i t h e r  nonvola- 

V. F. Raaen (3 )  showed r e c e n t l y  t h a t  t e t r a l i n - 1 - " C  r e a c t s  w i t h  Wyodak coal  a t  
400" (1  hour) t o  t h e  e x t e n t  t h a t  t h e  p y r i d i n e - i n s o l u b l e  res idue  con ta ins  chemica l l y  
bound carbon-14 equ iva len t  t o  5% t e t r a l i n  by weiqht. Fu r the r ,  when t h e  res idue  was 
reheated i n  normal t e t r a l i n  (400°, one hour)  t h e  r e i s o l a t e d  so l ven t  con ta ined  no 
measurable amount o f  e i t h e r  t e t r a l i n - I 4 C  o r  o f  naphthalene-"C. 
ever, t races o f  l abe led  a l k y l a t e d  naphthalenes, which were i d e n t i f i e d  by g.c. 
r e t e n t i o n  t imes as 1- and 2 - s u b s t i t u t e d  methy l -  and ethy lnaphthalenes.  These 
products  undoubtedly a r i s e  as a r e s u l t  o f  f r e e  r a d i c a l  i n te rmed ia tes .  Ne t h e r e f o r e  
i n v e s t i g a t e d  t h e  p o s s i b i l i t y  t h a t  methy l -  o r  e thy lnaphthalenes cou ld  be produced by 
the  r e a c t i o n  o f  t e t r a l i n  w i t h  s t r u c t u r e s  c o n t a i n i n g  aromat ic  mo ie t i es  separated by 
two o r  more methylene groups, o r  w i t h  a r y l  a l k y l  e the rs .  Both tyDes o f  s t r u c t u r e  
(4,5) a r e  known t o  be present  i n  d i f f e r e n t  k inds  and ranks o f  c o a l .  

t e t r a l i n  f o r  va ry ing  pe r iods  o f  t ime.  
q u a n t i t i e s  o f  methy l -  and ethy lnaphthalenes i n  a d d i t i o n  t o  o t h e r  products .  
a r e  t h e  reac t i ons  o f  1,3-diphenylpropane and o f  phenetole, both o f  which were 
i nves t i ga ted  w i t h  carbon-14-labeled species. The products  were analyzed a )  by 
gas chromatography combined w i t h  r a d i o a c t i v i t y  mon i to r i ng  o f  carbon-14-labeled 
products; b)  by gas chromatography equipped w i t h  mass spect rographic  analyzers (5); 
and c )  by i s o l a t i o n  o f  s p e c i f i c  products  us ing  p r e p a r a t i v e  g.c. (6)  f o l l o w e d  by nmr 
a n a l y s i s  (Var ian XL-100 Spectrometer). Given i n  Tables I1  and 111 a r e  t h e  major 
products  obta ined - toge the r  w i t h  app rop r ia te  y i e l d s  - from t h e  r e a c t i o n s  o f  
1,3-diphenylpropane and phenetole, r e s p e c t i v e l y ,  w i t h  t e t r a 1  i n .  

T h e i r  genesis from t h e  r e a c t i o n  o f  1,3-diphenylpropane-2-'"C ('"C=*) and t e t r a l i n  
was determined as f o l l o w s :  * 

There were, how- 

We heated severa l  d i a r y l a l  kanes and a r y l  a1 k y l  or a r a l k y l  e the rs  t o  400" i n  
Many o f  these r e a c t i o n s  y i e l d e d  measurable 

Typ ica l  

The 1- and 2-methylnaphthalenes were i s o l a t e d  and i d e n t i f i e d  by nrnr a n a l y s i s .  

The m ix tu re  o f  e thy lnaphthalenes was i d e n t i f i e d  by g.c. r e t e n t i o n  t imes and r a d i o -  
a c t i v i t y  assay by means of t h e  g.c. r a d i o a c t i v i t y  moni tor .  Traces o f  methy l indane 
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Table I1 
Major Products and Yields Obtaineda on Heating 1,3-Diphenyl- 

propane with Tetralin One Hour at 400" 

To1 uene 
Ethyl benzene 
1 -  and 2-(E-Phenylethyl) tetral ins 
1,4-Diphenylbutane 
1- and 2-Methylnaphthalenes 
Styrene 
1,3-Diphenyl propene 
Methyldihydronaphthalenes 

1,2-Diphenylethane 
1 -  and 2-(2-Phenylethyl) naphthalenes 
Other 

a8ased on 1,3-diphenyl propane consumed. 

28% 
19 
a 
5 
3 
1.5 
1.5 

34 

Table 111 
Major Products and Yields Obtained on Heating Phenetole 

with Tetralin Eighteen Hours at 400" 

Phenol 
Methylnaphthalenes 
To1 uene 
Ethyl benzene 
Ethyl naphtha1 enes 
Methyl tetral ins 
Ethyl phenol 
Ethyl tetral ins 
Ethyl methyl benzene 
Methylindane 
Butyl benzene 

37% 
13 
7 
7 
7 

4 
3 
3 

From Decomposition 
of Tetra1 in 

and of butylbenzene were always present after reactants were heated with tetral in. 
That these latter two products were derived from tetralin was demonstrated by the 
fact that they contained carbon-14 when tetralin-"C was used in the reaction. In 
like manner, labeled phenetole and tetralin were subjected to the conditions of 
reaction with the following results: 
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It i s  clear from the isotopic labeling experiments that tetralin has entered into 
the reaction both with 1,3-diphenylpropane and with phenetole. 
nicely accommodated by the postulation of radical intermediates. A possible 
mechanism for the reaction o f  1,3-diphenylpropane is indicated: 

The results are 

PhCHztHzCHzPh ---+ 

* 2PhCHzCHz. + 

PhCHZCHz. + 
+ 
CHzCHzPh 

---+ 

PhCH3 + a 
PhCHztH3 + a 

* *  
PhCHzCHzCH2CHzPh 

tH 3 
* +a* mCH3 

U B  U B  
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THE CHEMISTRY OF COAL LIQUEFACTION 

Frank R .  Mayo 

S t a n f o r d  Resea rch  I n s t i t u t e ,  Menlo P a r k ,  C a l i f o r n i a  

T h i s  p r o g r e s s  r e p o r t  p r e s e n t s  a working h y p o t h e s i s  f o r  o u r  s t u d y  of c o a l  
l i q u e f a c t i o n  w i t h  I l l i n o i s  No. 6 c o a l  and i n d i c a t e s  t h e  k i n d s  o f  e v i d e n c e  on which 
o u r  h y p o t h e s i s  i s  based and which a r e  d e s i r a b l e  f o r  i t s  s u b s t a n t i a t i o n .  

Coa l  i s  c o n s i d e r e d  t o  be most ly  a c r o s s l i n k e d  h i g h  polymer w i t h  condensed 
a r o m a t i c  a g g r e g a t e s  t h a t  are d i f f i c u l t  t o  c l e a v e  and c o n n e c t i n g  l i n k s  t h a t  are 
r e l a t i v e l y  easy  t o  c l e a v e  ( s c i s s i l e  bonds ) .  A r a n g e  of s o l u b l e  materials i s  mixed 
w i t h  t h e  predominant ly  i n s o l u b l e  material. Assoc ia t ed  w i t h  t h e s e  p r imary  bond rela- 
t i o n s  are s i g n i f i c a n t  i n t e r a c t i o n s  between p h e n o l i c  g roups  and p y r i d i n e - t y p e  b a s e s  
( I ) .  Thus,  r e l a t i v e l y  small p o l y f u n c t i o n a l  mo lecu le s ,  even  i f  n o t  i n c o r p o r a t e d  i n  
t h e  network, need complexing s o l v e n t s  t o  d i s s o l v e  them. Our 1976 Coal Workshop 
pape r  r e l a t e d  t h e  molecu la r  we igh t ,  and presumably t h e  f u n c t i o n a l i t y ,  of t h e  f r a c t i o n s  
that  would d i s s o l v e  i n  c e r t a i n  s o l v e n t s  ( 2 ) ,  a s  r e v i s e d  and summarized i n  T a b l e  I .  
Recen t  expe r imen t s  i n d i c a t e . t h a t  e t h y l e n e  d i amine  w i l l  e x t r a c t  from c o a l  much more 
and h i g h e r  molecu la r  we igh t  m a t e r i a l s  a t  12OoC. A n  e f f o r t  t o  relate t h e  amount o f  
s o l u b l e  material e x t r a c t e d  by s o l v e n t s  t o  t h e  amount o f  s o l v e n t  used and t o  t h e  e x t e n t  
o f  s w e l l i n g  o f  t h e  und i s so lved  r e s i d u e  a t  100' i s  i n  p r o g r e s s .  

The e x t r a c t e d  c o a l  i n  t h e  upper  s e r i e s  o f  f r a c t i o n s  i n  T a b l e  I i s  a p r e f e r r e d  
material f o r  l i q u e f a c t i o n  s t u d i e s ,  uncomplicated by admixed s o l u b l e  materials. 
P r o g r e s s  i n  b reak ing  bonds can be fo l lowed  by f o r m a t i o n  o f  s o l u b l e  materials and 
p robab ly  a l s o  by i n c r e a s e d  s w e l l i n g  o f  t h e  i n s o l u b l e  m a t e r i a l  i n  a chosen s o l v e n t .  
The p y r i d i n e - s o l u b l e ,  t o l u e n e - i n s o l u b l e  f r a c t i o n s  of b o t h  c o a l  e x t r a c t  and  SRC are 
p r e f e r r e d  m a t e r i a l s  f o r  f o l l o w i n g  t h e  upgrad ing  o f  sync rudes .  They have f a i r l y  h igh  
m o l e c u l a r  we igh t s  and r a t h e r  narrow molecu la r  w e i g h t  d i s t r i b u t i o n s .  Both t h e  ex- 
t r a c t e d  c o a l  and t h e  p y r i d i n e - s o l u b l e  f r a c t i o n  have  e l emen ta ry  a n a l y s e s  ( d r y ,  mine ra l  
f r e e )  and n u c l e a r  magne t i c  r e sonance  (nmr) s p e c t r a  (3) t h a t  are ve ry  s i m i l a r ;  t h e y  
a p p a r e n t l y  d i f f e r  s i g n i f i c a n t l y  on ly  i n  m o l e c u l a r  size.  

T a b l e  I 

Comparison O f  F r a c t i o n s  from E x t r a c t i o n  and 
S o l v e n t - R e f i n i n g  of I l l i n o i s  No. 6 Coal  

F r a c t i o n s  

I n s o l u b l e  S o l u b l e  i n  P y r i d l n o  T o l u c n e  Hexane 
e x t m c t c d  I n s o l u b l e  i n  T o l u e n e  Hexane 
con1 

% C  79.5 83.0 84.0 
% H  s . 4  6 . 3  
C O  1 0 . 8  7.3 5 . 0  O 

I n c r e a s i n g  C + H ,  d e c r e a s i n g  0 
5 . 1 %  I1 
12.4% 0, A l l  % C  R G . l  87.4 89.9  

4.9 6 . 1  G . G }  ::eH 
5.7 4 .O 2.0 

s o l u b l e  

Common d e s i g n a t i o n s  Preasphal t o n e s ,  Asphal  t o n e s  011s 
a s p h n l t o l s ,  
polar Compounds 

Avernge m o l e c u l e r  w e i g h t  I 1 2 0 0  - 600 ~ 300 
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F i g u r e  1 summarizes  our  d a t a  on r e t e n t i o n  times i n  g e l  pe rmea t ion  chromatography 
(gpc )  a s  a f u n c t i o n  o f  a v e r a g e  molecu la r  w e i g h t s  by vapor  phase  osmometry (vpo)  o f  
f r a c t i o n s  d e r i v e d  from b o t h  c o a l  e x t r a c t  and t h e  s o l v e n t - r e f i n e d  p r o d u c t  from t h e  
same coal. 
ca rbon  t h a n  t h e  e x t r a c t  f r a c t i o n s ,  t h e  p o i n t s  are w e l l  f i t t e d  by a s i n g l e  cu rve .  
I n d i v i d u a l  gpc c u r v e s  show t h a t  f r a c t i o n a t i o n s  i n t o  p y r i d i n e ,  t o l u e n e ,  and hexane- 
s o l u b l e  f r a c t i o n s  g i v e  p r o d u c t s  w i t h  f a i r l y  narrow and symmetr ical  gpc  peaks.  Two 
p a i r s  o f  p o i n t s  i n  F i g u r e  1 cor re spond  t o  d o u b l e  peaks  w i t h  s p e c i a l  f r a c t i o n s .  

Even though t h e  SRC f r a c t i o n s  c o n t a i n  a b o u t  10% more oxygen and 10% l e s s  

L i s t e d  below are a l l  t h e  scissile bonds t h a t  w e  now t h i n k  are  i m p o r t a n t  i n  t h e  
l i q u e f a c t i o n  o f  b i tuminous  coal unde r  common o p e r a t i n g  c o n d i t i o n s .  The same t y p e s  
of bonds a r e  p robab ly  i n v o l v e d  i n  s c i s s i o n s  unde r  s t r o n g l y  a c i d i c  c o n d i t i o n s ,  as wi th  
pheno l  p l u s  bo ron  t r i f l u o r i d e  e t h e r a t e .  

Ar-CH,Ar 

Ar-OAr 
R-OAr 
R-OR 

and S a n a l o g s  

W e  now c o n s i d e r  c u r r e n t  h igh - t empera tu re ,  h i g h - p r e s s u r e  l i q u e f a c t i o n  p r o c e s s e s  
i n  terms of T a b l e  I and t h e  s c i s s i l e  bonds l i s t e d  above. The s o l v e n t - r e f i n i n g  
p r o c e s s  c o n s i s t s  m o s t l y  o f  conve r s ion  of  i n s o l u b l e  c o a l  to t h e  p y r i d i n e - s o l u b l e ,  
t o l u e n e - i n s o l u b l e  f r a c t i o n  o f  SRC. The n e t  r e s u l t  app rox ima tes  l o s s  o f  some hydrogen 
and more oxygen, f o r m a t i o n  o f  a more a r o m a t i c  a g g r e g a t e ,  and some bond b reakage ,  
Because t h e  s o l u b i l i t y - m o l e c u l a r  we igh t  r e l a t i o n s  are t h e  same i n  t h e  e x t r a c t  and 
SRC s e r i e s  (21, t h e  n e t  phenol-base r e l a t i o n s  have changed l i t t l e ,  and so t h e  re- 
q u i r e d  bond b reakage  a p p e a r s  t o  be a s s o c i a t e d  w i t h  n e t  l o s s  o f  e t h e r s  and some b i -  
benzyl  t ype  bonds.  The conve r s ion  o f  SRC t o  "oi l"  o r  d i s t i l l a t e  r e q u i r e s  a l a r g e  
hydrogen i n p u t  and a c o n s i d e r a b l e  r e d u c t i o n  i n  molecu la r  we igh t  and he te roa tom c o n t e n t  
P a r t  o f  t he  hydrogen r e q u i r e m e n t  is t o  cap  t h e  f r agmen t s  l e f t  when he te roa toms  a r e  
removed a s  water, H2S, and NH3, b u t  much o f  t h e  hydrogen r equ i r emen t  may be t o  reduce 
condensed a r o m a t i c  sys t ems  t h a t  canno t  be c l eaved  t o  p a r t i a l l y  hydroa romat i c  systems 
t h a t  can  be c l e a v e d ,  e s p e c i a l l y  by r e fo rming  c a t a l y s t s .  

Our working h y p o t h e s i s  l e a d s  u s  to s u g g e s t  cheape r  a l t e r n a t i v e  r o u t e s  t o  l i q u e -  
f a c t i o n .  F i r s t ,  t h e r e  are i n d i c a t i o n s  t h a t  e t h e r  c l e v a g e  a l o n e ,  w i thou t  removal o f  
oxygen o r  a d d i t i o n  o f  hydrogen,  can r e n d e r  c o a l  s o l u b l e  (4). The a l k y l a t i o n  r e q u i r e -  
ment now seems t o  be a s s o c i a t e d  more w i t h  r e d u c i n g  phenol-base i n t e r a c t i o n s  (1 ,Z)  by 
0 - a l k y l a t i o n  (5) t h a n  w i t h  C - a l k y l a t i o n  ( I ) .  There  shou ld  be lower - t empera tu re ,  low- 
p r e s s u r e  r o u t e s  f o r  e t h e r  c l e a v a g e ,  as by a c i d s  and b a s e s ,  a s  w e l l  as t h e  a l k a l i  
me ta l  r o u t e .  Whether e t h e r  c l e a v a g e  a l o n e  w i l l  t a k e  o u r  c o a l  t o  p r e a s p h a l t e n e s ,  
a l p h a l t e n e s ,  o r  o i l s ,  o r  some o f  each  ( T a b l e  I )  i s  unde r  i n v e s t i g a t i o n  (5). 

O x i d a t i o n s  o f  c o a l  models have shown t h a t  hydroa romat i c  r i n g s  are l i k e l y  t o  be 
a t t a c k e d  f i r s t  i n  f r e e  r a d i c a l  c h a i n  o x i d a t i o n s .  W e  have t h e r e f o r e  t r i e d  t o  dehy- 
d r o g e n a t e  such r i n g s  t o  a r o m a t i c  r i n g s  w i t h  t w o  o b j e c t i v e s ,  t o  d i r e c t  t h e  o x i d a t i o n  
t o  t h e  s c i s s i l e  bonds and t o  r e c o v e r  hydrogen f o r  subsequen t  p r o c e s s i n g .  Our f i r s t  
expe r imen t  w i t h  e t h y l e n e  as hydrogen a c c e p t o r  h a s  g iven  some promise o f  success .  
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We a r e  a l s o  s t u d y i n g  t h e  p o s s i b i l i t y  t h a t  s e l e c t i v e  o x i d a t i o n  w i l l  c l e a v e  most 
of t h e  s c i s s i l e  bonds l i s t e d  above. O x i d a t i o n  o f  d i a r y l m e t h a n e s  shou ld  g i v e  k e t o n e s  
t h a t  can  be conve r t ed  t o  e s t e r s  w i th  a p e r a c i d .  Longer  a l i p h a t i c  c h a i n s  between a r y l  
g roups  shou ld  be o x i d i z e d  t o  p a i r s  of a c i d s .  The a l k y l  e t h e r s  should be o x i d i z e d  t o  
esters. Hydro lys i s  of  e s t e r s  should then  r e s u l t  i n  c l e a v a g e  o f  scissile bonds. Mild 
o x i d a t i o n s  o f  e x t r a c t e d  c o a l  w i t h  subsequent  base h y d r o l y s i s  have indeed g iven  marked 
i n c r e a s e s  i n  s o l u b l e  m a t e r i a l s .  O x i d a t i o n  and nmr s t u d i e s  on s o l u b l e  f r a c t i o n s  o f  
Coal e x t r a c t  and SRC i n d i c a t e  t h a t  t h e  e x t r a c t  i s  r e l a t i v e l y  r i c h  i n  benzy l  hydrogen 
atoms and t h a t  t h e s e  are l o s t  p e r f e r e n t i a l l y  i n  o x i d a t i o n ;  however, t h e  SRC f r a c t i o n s  
t h a t  have t h e  most a r o m a t i c  hydrogen are most r e a c t i v e  and t h i s  k ind  o f  hydrogen i s  
l o s t  p r e f e r e n t i a l l y  i n  o x i d a t i o n .  

We have a l s o  examined t h e  use  of commercial  household b l e a c h ,  - 0.8 M sodium 
h y p o c h l o r i t e ,  as an  o x i d i z i n g  a g e n t  a t  30°,  where e x t r a c t e d  c o a l  i s  ve ry  r e a c t i v e .  
By s t e p w i s e  o x i d a t i o n ,  w i th  removal o f  a c i d s  as they  form, w e  have r ecove red  76% of 
t h e  carbon r e a c t i n g  as c a r b o x y l i c  a c i d s ,  most ly  b l ack  and s o l u b l e  o n l y  i n  aqueous 
sodium b i c a r b o n a t e ,  w i t h  smaller p r o p o r t i o n s  o f  wa te r - so lub le  p o l y b a s i c  a c i d s .  The 
s u s c e p t i b i l i t y  of Some, b u t  n o t  a l l ,  s u b s t r a t e s  to o x i d a t i o n  by sodium h y p o c h l o r i t e  
i s  pH dependen t .  
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Ear l y  Stages o f  Coal -Carbonizat ion:  
Evi dciiccs f o r  ; someii  z a t  i on  React ions':; 

S. K. Chakrabar t ty  and N. 8er l towi tz  
A l b e r t a  Reseal ch Counci 1 ,  11315-87 Ave., Edlilonton, A lbe r ta ,  Canada T6G 2C2 

A t  temperatures between %350° and 425"C, the  molecular  s t r u c t u r e s  t h a t  charac- 
t c r i z e  coal a r e  r a p i d l y ,  and v.:ry obv ious i  , t;ansfornied i n t o  more s t a b l e  carbon con- 
f i g u r a t i o n s  through loss o f  " v o l a t i l e  ma t t k r ' l  (as t a r  and gas) .  
about p o s s i b l e  c o n f i y u r a t i o n a l  changes a t  lower temperatures. 
i n d i c a t e  s p e c i f i c  hea t  e f f e c t s  as endo- and exothernis from %200°C up; b u t  because en- 
t ha lpy  changes recorded i n  t h i s  manner i nc lude  s e n s i b l e  heats  as w e l l  as heats o f  
r e a c t i o n ,  i t  i s  d i f f i c u l t  to assess the  na tu re  o f  t he  chemical processes which produce 
t h e  thermoyrams. On the  o t h e r  hand, low-temperature.chemica1 changes, i f  such d i d  i n  
f a c t  occur ,  should be r e f l e c t e d  i n  the " r e a c t i v i t y "  o f  h e a t - t r e a t e d  coa l  - and, i n  
p a r t i c u l a r  i n  i t s  response t o  o x i d a t i o n ;  and i f  o x i d a t i o n  cou ld  be  performed so as t o  
y i e l d  i d a n t i f i a b l e  products ,  i t  should be p o s s i b l e  t o  d e t e c t  t h e  major  c o n f i g u r a t i o n a l  
changes i n  t h e  d i s t r i b t i t i o n  o f  o x i d a t i o n  products .  

But l i t t l e  i s  ltnowri 
Thermograms o f  coa l  ( 1 )  

Accord ing ly ,  s ince  i t  was p r e v i o u s l y  shown (2 )  t h a t  sodium hypochlor i . te  ox ida-  
t i o n  y i e l d s  r e l a t i v e ! y  s imp le  c a r b o x y l i c  ac ids  o f  which many cou ld  be i d e n t i f i e d  by 
gas chromatography (GC) and mass spect rometry  (MS) ,  we thought i t  p e r t i n e n t  t o  de te r -  
mine whether 'this technique, a l though i n v o l v i n g  s t i l l  n o t  f u l l y  un.ierstood r e a c t i o n  
paths,  could a l s o  be  used t o  m n i t o r  low-temperature changes i n  coa l .  The p'resent 
paper r e p o r t s  the f i r s t  r e s u l t s  o f  such an e x p l o r a t o r y  s tudy.  

.. Experimental and - Resul ts  __ 

For the  purposes o f  t h i s  i n v e s t i g a t i o n ,  two coa ls  - a Western A l b e r t a  I v b  coal 
w i t h  C = go%, and a Kentucky hvb coal w i t h  C = 85% - were used. 

10 g samples o f  these coals ,  each s i zed  t o  -60 +I15 mesh, were preheated i n  
he l i um f o r  2 h r  a t  t he  des i red  temperature, cooled, and then s t o r e d  under pure He 
u n t i l  re:)iii 'red. No s i g n i f i c a n t  weight  los.ses o r  changes in .  elemental composi t ions 
were observed w i t h  e i t h e r  coa l  up t o  375"C;but 5-10% weight  losses, and s l i g h t  (0.5- 
1.2%) increases i n  carbon contents ,  w i t h  corresponding reduc t i ons  i n  oxygen were noted 
a f t e r  preheat ing a t  390-400°C. , 

For t h e  o x i d a t i o n  experiments, 2 g (preheated) samples were f i r s t  "ac t i va ted "  
by r e a c t i o n  w i t h  ni t ron ium- te t ra f luorobora te  i n  a c e t o n i t r i l e , .  and t h e r e a f t e r  t r e a t e d  
w i t h  125 oil o f  an aq. 1.6 N sodium h y p o c h l o r i t e  s o l u t i o n  a t  60°C. The pH o f  t h e  re-  
a c t i o n  m ix tu re  was mainta ined a t  12 by adding NaOH p e l l e t s  a t  r e g u l a r  i n t e r v a l s ' .  When 
r e a c t i o n  was complete, t h e  m i x t u r e  was a c i d i f i e d ;  i n s o l u b l e  ma t te r  was f i l t e r e d  o f f ;  
and s o l u b l e  c a r b o x y l i c  a c i d s  were e x t r a c t e d  w i t h  e t h e r .  The res idua l  s o l u t i o n  was 
f reed  o f  water by low-pressure d i s t i l l a t i o n  a t  40"C, and s o l i d  m a t e r i a l  l e f t  beh ind  
was e x t r a c t e d  w i t h  anhydrous methanol. 

The e t h e r -  and methanol -ext racts  were then combined, conver ted t o  methy l  es te rs  
by r e a c t i o n  w i t h  diazomethane, and separated by g e l  permeation. Chromatography on  a 
(Water Assoc ia tes ' )  Poragel column i n t o  two f r a c t i o n s  w i t h  m l e c u l a r  we igh ts  > 6 0 0  
and <600 r e s p e c t i v e l y  ( f r a c t i o n s  A and B ) .  F r a c t i o n  B (mol. w t .  <600) was f u r t h e r  
subd iv ided  i n t o  "simple" (B , I )  and "complex," ( B , 2 )  a c i d s  by e l u t i o n  chromatography 
on a F l o r i s i I  column. (From t h i s  column, methy l  e s t e r s  o f  "complex" ac ids  cou ld  on l y  

"Con t r i bu t i on  No. 813 from the  A l b e r t a  Research Counci I ,  
d. 

Prepared for p r e s e n t a t i o n  
a t  t h e  174th Meeting o f  A C S ,  Fuel Chemistry D i v i s i o n ,  Chicago, I l l i n o i s ,  August 28- 
September 2, 1977. 
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I:e'e!ljtzd w i t h  1 O : l  ch lo ro fo rm- ine tha~o l ,  w h i l e  eSters  of ' '5 im~i Ie ' '  ac ids  cou ld  be 
taken o f f  w i t h  pentane, hexane and 2 : l  hexane-chloroform.) 

The "simple" ac ids  ( f r a c t i o n  B , I )  were q u a n t i t a t i v e l y  anaiyzed by GC on O V - 1 7 /  
Chromcsorb WHP and rcFerence t o  peak area vs. concer,t i .at ion diagrams For a u t h e n t i c  
compounds. Uhere no a u t h e n t i c  compounds were avei  lob!e Por mcthyl e s t e r s  o f  t o luene  
ca rboxy l  i t  acids, concen t ra t i ons  were computed from response f a c t o r s  de r i ved  from 
those approp r ia te  f o r  t h e  methy l  e s t e r s  o f  benzene carhoxy l  i c  ac ids.  

De ta i l ed  study o f  t h e  o x i d a t i o n  p roduc ts  slioweci thaL the  raw and v a r i o d s l y  
preheated coais  f u r n i s h e d  s u b s t a n t i a l l y  i d e n t i c a l  amounts o f  carbon d iox ide  (F igu re  
I ) ,  b u t  . that  t h e r e  were s i g n i f i c a n t ,  though, complex, v a r i a t i o n s  i n  the  y i e l d s  o f  c a r -  
b o x y l i c  ac ids (F igures 2-6) and t h a t  these y i e l d s  depended on the  n a t u r e  o f  the coal  
as we1 1 as on t h e  preheat  temper.ature. Thus, w h i l e  the  I v b  coal had t o  be preheated 
t o  a t  l e a s t  350°C b e f o r e  i t  produced g r e a t e r  than the i n i t i a l  amounts of c a r b o x y l i c  
a c i d s ,  t he  hvb coal needed o n l y  t o  be preheated to  200°C be fo re  doing so (F igu re  2 ) .  

These obse rva t i ons  accord we1 i w i t h  enthalpy changks recorded by d i f f e r e n t i a l  
thermal ana lys i s  ( l ) ,  and a r e ,  i n  ou r  view, c l e a r l y  i n d i c a t i v e  o f  the rma l l y  induced 
a l t e r a t i o n s  of t h e  i n i t i a l  carbon c o n f i g u r a t i o n s  i n  t h e  two coals. 

F r a c t i o n  A - composed o f  ac ids  w i th  mol. wts .  i n  excess o f  600 - presumably 
represents  condensed a romat i c  fragments o f  the o r i g i n a l  and h e a t - t r e a t e d  samples; 
and i f  so, the f a c t  t h a t  y i e l d s  o f  t h i s  f r a c t i o n  increase w i t h  preheat  temperatures 
suggests t h a t  a romat i za t i on  begins a t  temperaturesas low as 150°C in  hvb coal and a t  
G!OO°C i n  I vb  coa l  (F igu re  3 ) .  

F r a c t i o n  B,2 - which represents  ove r  50% o f  t h e  t o t a l  a c i d  product  from each 
r ..L.,.p!c _.". a.zd ccqs i - t s  nf "rmnplex" ac ids  v i t h  m c l .  !,wt.=. <hCO - can he t? .n tn t i vn l y  i d e n t i  
f i e d  as o r i g i n a t i n g  in  coal  fragments t h a t  produce "prc-asphaitenes" i n  coal i iqueiaL-  
t i o n  processes (31, and v a r i a t i o n s  of t h e  y i e l d  o f  t h i s  f r a c t i o n  w i t h  preheat  tempera- 
t u r e  a r e  a l so  i n t e r e s t i n g  (F igu re  4 ) .  I n  t h e  case o f  I vb  coa l ,  B,2 y i e l d s  reach a 
maximum a t  375" and then  d e c l i n e  p r e c i p i t o u s l y  a t  390"C, b u t  t he  d e c l i n e  i s  compen- 
sated by an almost e q i v a l e n t  increase i n  t h e  y i e l d  o f  h i g h  molecular  weight  (>600) 
m a t e r i a l .  In  c o n t r a s t ,  B,2 y i e l d s  f rom the hvb -coa l  a t t a i n  a maximum a t  200°C, f a l l  
t o  minimum a t  300"C, and then r i s e  t o  another  maximum a t  400°C. 

The "simple" a c i d s  w i t h  mol. wts. -600 ( f r a c t i o i i  B , l ) ,  which were complete ly  
c h a r a c t e r i z e d  and i n v a r i a b l y  accounted. f o r  Z2-3O% o f  t he  t o t a l  a c i d  products ,  a r e  
e v i d e n t l y  produced From e a s i l y  o x i d i z a b l e  open s t r u c t u r e d  coal fragments; and from 
t h e  I v b  coa l ,  the y i e l d  o f  t h i s  f r a c t i o n  decreased s i e a d i  Iv as oreheat  temDeraturcs 
I-use. nowever, in  t n e  case o f  the hvb coal ,  t h e  y i e l d  was found t o  remain constant  
up t o  300"C, and t o  f l u c t u a t e  t h e r e a f t e r  ( F i g u r e  5) .  

F i n a l l y ,  some n o t e  must be taken o f  t he  d i s t r i b u t i o n  p a t t e r n  o f  penta-  and 
hexa-carboxy benzenes v i s - a - v i s  t h a t  o f  t r i -  and te t ra-carboxy to luenes.  Q u i t e  gen- 
e r a l l y ,  maxima f o r  benzenes and a!most c o i n c i d e n t  w i t h  minima and maxima o f  toluenes. 
B u t  he re  again, s i g n i f i c a n t  d i v fe rences  between I vb  and hvb coal a r e  observed. For 
t h e  I v b  coal ,  maxima o f  benzenes l i e  a t  175" and 375"C, w h i l e  f o r  t h e  hvb coal, they 
appear a t  350" and 400°C. Maximum y i e l d s  of to luenes were obta ined from Ivb  coal 
a f t e r  p rehea t ing  a t  300"C, and from hvb coa l  a f t e r  p rehea t ing  a t  150°C (F igures 6 
and 7 ) .  

We b e l i e v e  t h a t  these v a r i a t i o n s  i n  y i e l d  and d i s t r i b u t i o n  o f  carboxy ac ids 
a r e  b e s t  understood i n  terms of low-temperature i n t ra -mo lecu la r  i somer i za t i on  re -  
a c t i o n s  which modify t h e  ' i n i  t i a l  carbon-hydrogen c o n f i g u r a t i o n s  o f  t h e  coal w e l l  
be fo re  i t  begins t o  undergo thermal c rack ing .  O f  t he  two s p e c i f i c  processcs t h a t  
cou ld  be Postu la ted as e f f e c t i n g  such i somer i za t i on ,  one i s  trans-annular bond 
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foi- l i iai ior i  (Figure? 8) orid :he o t h c r  i s  i s o m e r i z a t i o n  o f  b e n z y l i c  carbon t o  a e t h y l -  
phenyl d e r i v a t i v e s  (F igu rc  8 )  and inarc c.om;~Ie:: r i n g  systems.' E i t h e r  chznge cou!d 
r e s d i l y  occur ac tenipe;stitres as l o w  as 150'C and c r e a t e  s t r u c t u r e s  suscep t ih le  t o  
o x i d a t i o n  by sod i uiii i i ypochlor  i t e .  

We note, i n  t h i s  connect ion,  t h a t  ether-oxygen also appears t o  p l a y  a major  
r o l e  i n  t h e  behaviour o f  coal  5 t  e levated ' temperatures ( 4 ) ;  b u t  whether o r  n o t  i so -  
m e r i z a t i o n  and/or cleavage o f  e the r - l i nkages  a l s o  occu r  a t  l o w  temperatures c o u i d  
n o t  be determincd i n  t h i s  s tudy,  s ince  h y p o c h l o r i t e  o x i d a t i o n  e a s i l y  degrades he te ro -  
c y c l i c  f unc t i ona l  elemerits under a c i d i c  as w e l l  as b a s i c  cond i t i ons .  
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SUPERCRITICAL SOLVENTS AND THE DISSOLUTION 
OF COAL AND LIGNITE 

James E. Bless ing  and David S. ROSS 

S tanford  Research I n s t i t u t e  
333 Ravenswood Avenue 

Menlo Park,  C a l i f o r n i a  94025 

The use of s u p e r c r i t i c a l  media as so lven t s  i n  coa l  e x t r a c t i o n  i s  of i n t e r e s t  
because of t h e i r  unusual so lven t  a b i l i t i e s .  I n  a review of t h e  genera l  concept of 
s u p e r c r i t i c a l  gas  e x t r a c t i o n ,  Paul  and Wise (1)  d i s c u s s  t h e  so lven t  p rope r t i e s  of 
materials above t h e i r  c r i t i ca l  temperatures (Tc). These s u p e r c r i t i c a l  vapors d i s -  
p lay  unusual so lven t  powers when compressed t o  l i q u i d  d e n s i t i e s .  
naphthalene i n  s u p e r c r i t i c a l  e thylene  ( a t  320 K), for example, is  increased  by a fac tor  
of lo3 when the vapor d e n s i t y  is increased  from about 0.1 t o  about 0.6 g/cm3 ( 2 ) .  

The s o l u b i l i t y  of 

Whitehead and W i l l i a m s  appl ied  t h i s  p r i n c i p l e  t o  t h e  e x t r a c t i o n  of coal w i th  
hydrocarbons i n  t h e i r  s u p e r c r i t i c a l  state (3). 
conta in ing  38% v o l a t i l e  matter i n t o  to luene  a t  350'C (Tc f o r  t o luene  i s  31SoC), or a. 
quan t i ty  of e x t r a c t  t h a t  w a s  g r e a t e r  than t h e  t a r  y i e l d  from ca rbon iza t ion  of t h e  
same coa l .  

They ex t r ac t ed  about  20% of a coa l  

In t h e  work d iscussed  here,  w e  used a number of d i f f e r e n t  so lven t s  as coal 
d i s s o l u t i o n  media, a l l  a t  tempera tures  above t h e i r  r e spcc t ive  c r i t i c a l  temperatures.  
Our ob jec t ives  w e r e  t o  i n v e s t i g a t e  a poss ib l e  structure/solvent-power r e l a t i o n s h i p  
and t o  determine i f  t h e  so lven t  has  t o  be s t r i c t l y  above i t s  c r i t i ca l  temperature t o  
be e f f e c t i v e .  Our exper iments  are b r i e f l y  descr ibed  below. 

Experimental 

A l l  experiments were c a r r i e d  ou t  i n  a 300 c m 3 ,  316 stainless s teel ,  MagneDrive 
s t i r r e d  au toc lave  from Autoclave Engineers. W e  used samples o f  bene f i c i a t ed  
I l l i n o i s  No. 6 coal, and a North Dakota l i g n i t e . *  Most of the experiments were done 
a t  335% f o r  90 minutes.  

I t  was necessary under  these  test cond i t ions  t o  be a b l e  t o  sepa ra t e  any 
materials so lub le  i n  t h e  media from t h e  ma te r i a l  i n s o l u b l e  dur ing  the  epxerirnent. 
T h i s  precaution would e l i m i n a t e  any confusion of r e s u l t s  i n  cases  where a s i g n i f i c a n t  
f r a c t i o n  o f  the  coa l  w a s  so lub le  a t  test cond i t ions  but i n so lub le  when t h e  system was 
brought back t o  ambient temperature and pressure .  Accordingly, w e  designed a coa l  
f i l t e r  "basket" for t h e s e  experiments (F igure  1). 
s t a r t i n g  coa l  between t w o  s i n t e r e d  g l a s s  d i s c s  wi th in  t h e  au toc lave  so  t h a t  any 
material d isso lved  under ou r  s u p e r c r i t i c a l  cond i t ions  would be ca r r i ed  through these  
d i s c s  and found o u t s i d e  t h e  baske t  a f t e r  t h e  experiment. 

Our procedure w a s  t o  p lace  t h e  

Q 
The s a m p l e s  were provided by Pennsylvania S t a t e  Univers i ty ,  whose des igna t ion  f o r  
t h e  coal samples w a s  PSOC-26 and f o r  t h e  l i g n i t e ,  PSW-246. 
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Resu l t s  and Discussion 

Supercr i  ti cal Ex t rac t ion  

We performed a number of experiments wi th  seve ra l  media, bo th  wi th  and wi thout  
t h e  ex t r ac t ion  appara tus  (baske t )  i n  the  r eac to r ,  and under i d e n t i c a l  experimental  
cond i t ions .  The r e s u l t s  i n  Table  1 show t h a t ,  f i r s t ,  t h e  degrees  of e x t r a c t i o n  are 
small, no more than  about 13% f o r  t h e  b e s t  cases, and second, t h a t  t he  va lues  f o r  
ma te r i a l  d i sso lved  i n  each  medium a f t e r  r eac t ion  a r e  v i r t u a l l y  t h e  same both wi th  
and wi thout  t he  basket.  Thus, t h e  s u p e r c r i t i c a l  media are e x t r a c t i n g  up t o  about 
13% of t h e  s u b s t r a t e ,  and t h a t  e x t r a c t  i n  t u rn  i s  s o l u b l e  i n  t h e  r e spec t ive  media 
a t  ambient condi t ions .  The e x t r a c t i o n  f o r  Run 86 i s  s i g n i f i c a n t l y  low, perhaps 
because the  l i g n i t e  tended t o  agglomerate under t h e  condi t ions  of t h i s  experiment, 
thereby reducing c i r c u l a t i o n  of i-propanol through t h e  basket.  

Clear ly ,  f i l t r a t i o n  under s u p e r c r i t i c a l  cond i t ions  w a s  no t  necessary t o  ob ta in  
t h e  maximum d i s s o l u t i o n ,  and t h e  promise of s u p e r c r i t i c a l  e x t r a c t i o n  appeared 
diminished i n  view of t h e  low e x t r a c t i o n  va lues .  To confirm these  f ind ings ,  w e  
made seve ra l  a d d i t i o n a l  runs  wi th  coa l  i n  a wide range of so lven t s  without t he  
baske t  a t  seve ra l  d i f f e r e n t  so lven t  d e n s i t i e s .  

We found it u s e f u l  t o  cons ide r  a l l  our e x t r a c t i o n  da ta  i n  terms of t he  
Hildebrand s o l u b i l i t y  parameter of t he  r e spec t ive  so lven t s .  This  parameter is  a 
measure of t he  cohes ive  fo rces  i n  a s o l u t i o n  and i s  expressed by the  r e l a t i o n  
b = a'b/V, where a i s  van  d e r  Waal's in te rmolecular  term and V is t h e  molar volume 
( 4 ) .  I n  addi t ion ,  t h e  s o l u b i l i t y  parameter has  been cons idered  i n  terms of p o l a r  
and nonpolar con t r ibu ions  [4( .)I. The app l i ca t ion  of t he  s o l u b i l i t y  parameter t o  
c o a l  processing has  been d iscussed  by Angelovich e t  a l .  (5), who concluded t h a t  
so lven t s  with a nonpolar s o l u b i l i t y  parameter of about 9.5 appeared t o  be most 
e f f e c t i v e  i n  c o a l  d i s s o l u t i o n .  

Giddings e t  a l .  ( 6 )  found a c o r r e l a t i o n  between so lven t  c a p a b i l i t i e s  and 6 
values  of a number of s u p e r c r i t i c a l  f l u i d s  a t  l i q u i d  d e n s i t i e s .  The i r  express ion  

1 

c r  

de f in ing  the  parameter i s  
6 = 1 .25  P2p / p ( l i q )  1) 

where Pc is t h e  c r i t i c a l  p re s su re  i n  atmospheres, p r  i s  t h e  reduced dens i ty ,  and 
p (1 iq )  i s  the  reduced d e n s i t y  o f  l i q u i d s ,  assumed t o  be about 2.66. We can  thus  
vary t h e  6 va lue  fo r  a given medium simply by vary ing  t h e  experimental  dens i ty .  

The pyr id ine  s o l u b i t i o n  of our s t a r t i n g  c o a l  is 13$. Figure  2 compiles a l l  
ou r  e x t r a c t i o n  d a t a  and  p l o t s  t h e  t o t a l  pyr id ine  s o l u b i l i t i e s  of t h e  coa l  products 
versus  the  Hildebrand s o l u b i l i t y  parameter va lue  fo r  each medium, a s  determined by 
Equation 1. Each experiment y ie lded  both  a f i l t r a t e  so luble  i n  the  r eac t ion  
medium and a f i l t e r a b l e  r e s idue .  All f i l t r a t e s  were pyr id ine-so luble ,  and the  
s o l u b i l i t i e s  i n  p y r i d i n e  of each  of t h e  r e s idues  were determined a t  room tempera- 
t u re .  The va lues  used i n  the  f igu re  are the  t o t a l  s o l u b i l i t i e s ,  ob ta ined  by sum- 
ming t h e  f r a c t i o n  of t h e  s t a r t i n g  coa l  represented  by t h e  f i l t r a t e ,  and the  
pyr id ine-so luble  f r a c t i o n  of t h e  s t a r t i n g  c o a l  i n  t h e  res idue .  
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Table 1 
SUPERCRITICAL EXTRACTION OF ILLINOIS NO. 6 COAL AND 

NORTH DAKOTA L I G N I T E  ( a t  335'C for 60 min)a 

45 

49 

27 

16 

1 I S u p e r c r i t i c a l I  

Toluene 
, ( s u b c r i t i c a l )  0.65 

Benzene 
( s u p e r c r i t i c a l )  0.70 

Toluene 
( s u p e r c r i t i c a l )  0.65 

Benzene 
( s u p e r c r i t i c a l )  0.70 

j Run No. Medium Mode 
Type 

305 

305 

335 

335 

Lig- 
n i t e  

2400 8 12 13 

2400 8 11 13 

3400 13 21  24 

4100 10 22 20 

84 

86 
65 - 

Basket 

Basket 

Basket 

iPrOH 0.3 

Benzenz 0.6 
Benzene' 0.6 No Basket 

:::$ ::: No Basket 

Toluene 0.2 Basket 
Toluene 0.2 No Basket 
iPrOH 0.1 Basket 
iPNH 0.1 No Basket 

1 
Recovered 

95 
92 
97 
94 

a5  g coa l  or l i g n i t e ;  r eac to r  volume, 280 ml. 
b 
Room temperature s o l u b i l i t i e s  of t he  s t a r t i n g  coa l  and l i g n i t e d  
a r e  l e s s  t han  1% i n  a l l  t h e  t e s t  so lven t s .  

'1 g coa l ,  f o r  3 h r .  

dl g coa l .  

Table 2 
EXPERIMENTS ON ILLINOIS NO. 6 COAL WITH TOLUENE 

BELOW AND ABOVE ITS CRITICAL TEMPERATURES FOR 90 MINUTES 

aThe c r i t i c a l  temperatures  for toluene and benzene a r e  320'C and 

b 
288 '~ ,  r e  spec t i v e l  y . 
The c r i t i c a l  p re s su res  of toluene and benzene a r e  630 p s i  and 
720 p s i ,  r e spec t ive ly .  

'The "F i l t "  v a l u e s l a r e  t h e  f r a c t i o n  of t h e  product  c o a l  which is 
so lub le  i n  t h e  test medium a t  room temperatures.  
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The p lo t  may be roughly s p l i t  i n t o  two regions.  The upper region o f  
r e l a t i v e l y  high py r id ine  s o l u b i l i t i e s  r ep resen t s  da t a  from p rev ious ly  discussed 
work with alcohols  as  €I-donor Solvents  (7). 
t h e  lower l i n e .  
u b i l i t y  of t h e  un t r ea t ed  coal i t s e l f  i n  pyridine.  

The bulk of t he  d a t a  f a l l s  about 
Most of  t h e  s o l u b i l i t i e s  a r e  below 13% o r  l e s s  than the  sol-  

We used p res su re  ranging from about 700 p s i  f o r  t h e  lower 6 values t o  
about 4000 p s i  for t he  h ighes t .  Within t h e  range of so lven t s  s tud ied ,  and with 
t h e  exception of  t h e  H-donor a l coho l s ,  no gross  d i f f e r e n c e s  a r e  apparent between 
so lven t  types.  For example, a l l  t h e  hydrocarbons (o), both a l i p h a t i c s  and aro-  
mat ics ,  c l u s t e r  well  about  the l i n e ,  a s  does t h e  s i n g l e  point  f o r  water ( e  ). 
Methanol (a) is a l s o  c l o s e  t o  t h e  l i n e  and apparent ly  does not  s e rve  a s  an H- 
donor* under these cond i t ions .  The two so lven t s  a l i t t l e  above the l i n e  a r e  
py r id ine  (3) and t -bu ty l  a l coho l  (v ). Pyr id ine  is a well  known so lven t  i n  
c o a l  work; i ts e x t r a c t i o n  c a p a b i l i t y  i s  appa ren t ly  not  enhanced by high p res su res  
and temperatures and its s u p e r c r i t i c a l  s t a t e .  The alcohol ,  on t h e  o the r  hand, 
cannot operate as an H-donor, and ye t ,  unexpectedly,  t he  p l o t  shows it t o  be a be t -  
ter solvent  t han  methanol. 

The roughly l i n e a r  c o r r e l a t i o n  displayed by t h e  d a t a  suggests  t h a t  t he  
d i s s o l u t i o n  process  is n o t  a func t ion  of t h e  so lven t  type,  bu t  r a t h e r ,  i s  sens i -  
t i v e  t o  the d e n s i t y  ( i . e . ,  p re s su re )  of t h e  medium. Perhaps what w e  observe is  
an i n i t i a l ,  r e v e r s i b l e  thermal fragmentation of a c r i t i c a l  l i n k  i n  coal .  

followed by some means of  s t a b i l i z a t i o n  by solvent  ( S )  

4' + S - s t a b l e  product 

The nature  of t h e  s t a b i l i z a t i o n  p rocess  remains i n  quest ion.  

The p o s i t i v e  s lope  of  t he  lower l i n e  i n  Figure 2 suggests  t h a t  g r e a t e r  
degrees  of e x t r a c t i o n  might be p o s s i b l e  a t  higher  6 values .  The po in t  l abe led  
d i n  the  f igu re  is  f o r  a 6 value of  7 .5  and is  taken from an experiment with 
benzene a t  4100 p s i .  I f  we make t h e  appropriate  s impl i fy ing  assumptions 
r ega rd ing  l i q u i d  compress ib i l i t y ,  we can c a l c u l a t e  t h a t  f o r  a 6 value of 10, 
where by e x t r a p o l a t i o n  we would expect  a py r id ine  s o l u b i l i t y  of 2 3 ,  a p re s su re  
i n  excess of 7800 p s i  would be r equ i r ed .  C lea r ly ,  e x t r a c t i o n s  a t  t h se  p re s su re  
would not be p r a c t i c a l .  

E f fec t  of S u p e r c r i t i c a l  S t a t e  

F ina l ly ,  to  determine i f  t h e  s u p e r c r i t i c a l  s t a t e  is  s t i c t l y  necessary t o  
o b t a i n  the small  e x t r a c t i o n s  d i scussed  here ,  we compare t h e  r e s u l t s  of using 
to luene  and benzene a t  305'C and 335OC. These temperatures  a r e  above t h e  TC of 

* 
We have r ecen t ly  found t h a t  with some bases  p re sen t ,  methanol ope ra t e s  very 
wel l  a s  an H-donor a l coho l .  
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benzene (288OC), but  below and above, r e spec t ive ly ,  t h e  Tc of toluene ( 32OOC). 
The r e s u l t s  of t h i s  s e r i e s  of runs a r e  presented i n  Table 2. 

The benzene i n  Runs 49 and 16 i s  s u p e r c r i t i c a l .  With inc reas ing  tempera- 
t u re ,  a small  i nc rease  can be seen i n  t h e  te t rahydrofuran (THF) and p y r i d i n e  
values .  S imi l a r  changes can be seen fo r  toluene i n  Runs 45 and 27 over t h e  same 
temperature range, where toluene is below and above i t s  Tc, r e spec t ive ly .  

The changes observed a r e  due t o  temperature d i f f e rences  alone. These conver- 
sions a r e  thus due t o  the  presence of a dense medium a t  high temperatures .  We 
conclude, t he re fo re ,  t h a t  whether an e x t r a c t i o n  medium i s  s t r i c t l y  s u p e r c r i t i c a l ,  
t h a t  is, above the  c r i t i c a l  temperature,  is of l i t t l e  consequence. 
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HETEROATOM SPECIES I N  COAL LIQUEFACTION PRODUCTS 

F. K. Schweighardt, C.  M. White, S.  Friedman and 3 .  L.  Shul tz  

Energy Research and Development Adminis t ra t ion  
P i t t s b u r g h  Energy Research Center 

4800 Forbes Avenue, P i t t s b u r g h ,  PA 15213 

INTRODUCTION 

An assessment 'of t h e  n i t r o g e n  and oxygen heteroatom s p e c i e s  i n  coal-der ived prod- 
u c t s  i s  a complex y e t  impor tan t  a n a l y t i c a l  problem i n  f u e l  chemistry.  P r i n c i p a l l y ,  
t h i s  i s  because t h e  system i s  a m u l t i f a r i o u s  molecular  mixture  t h a t  does not  e a s i l y  
lend  i t s e l f  t o  d i r e c t  a n a l y s i s  of any one component O K  f u n c t i o n a l  group. A l b e i t  
t h i s  problem i s  not  new, t h e  c h a r a c t e r i z a t i o n  of t h e s e  heteroatoms i s  of immediate 
importance t o  f u r t h e r  process ing  of these  f u e l s .  We s h a l l  d e t a i l  t h e  methods and 
techniques  used t o  r a p i d l y  i s o l a t e  and/or  c h a r a c t e r i z e  both n i t r o g e n  and oxygen 
heteromolecular  s p e c i e s .  U t i l i z a t i o n  is made of so lvent  s e p a r a t i o n s ,  f u n c t i o n a l  
group type  s e p a r a t i o n ,  chemical d e r i v a t i z a t i o n ,  H C 1  sa l t  formation and t h e  use  of 
chromatographic and s p e c t r o m e t r i c  a n a l y t i c a l  methods t o  q u a n t i t a t e  o u r  r e s u l t s .  
S p e c i f i c a l l y ,  w e  a s c e r t a i n e d  t h e  kind and d i s t r i b u t i o n  of n i t rogen  and oxygen 
heteromolecules  i n  a c o a l  l i q u e f a c t i o n  product  and i n  a r e c y c l e  so lvent  used i n  
s o l v e n t  re f ined  c o a l  (SRC) process ing .  The c o a l  l i q u e f a c t i o n  product  w a s  f i r s t  
s o l v e n t  separated i n t o  o i l s ,  a s p h a l t e n e s ,  p reasphal tenes  and a s h ,  whi le  low b o i l i n g  
o i l s  ( l i g h t  o i l s )  t rapped  from knock-out tanks  and t h e  SRC recyc le  s o l v e n t  w e r e  
t r e a t e d  d i r e c t l y .  Ni t rogen  bases  were complexed as H C 1  adducts  o r  s e p a r a t e d  on 
ion-exchange r e s i n s .  Hydroxyl-containing s p e c i e s  from t h e  separa ted  f r a c t i o n s  were 
q u a n t i t a t e d  by i n f r a r e d  spectroscppy o r  by formation of a t r i m e t h y l s i l y l  e t h e r  
(TMS) and subsequent a n a l y s i s  by H NMR and mass spectrometry.  Hydroxyl s p e c i e s  
were a l s o  i s o l a t e d  on ion-exchange r e s i n s  o r  by s e l e c t i v e  grad ien t  e l u t i o n  from 
s i l ica  g e l .  

EXPERIMENTAL 

Solvent  Separat ion 

Coal l i q u e f a c t i o n  p r o d u c t s  were s o l v e n t  separated '  by f i r s t  f r e e z i n g  t h e  c o a l  
l i q u i d s  i n  l i q u i d  n i t r o g e n  and gr inding  them t o  f i n e  p a r t i c l e s .  This f rozen  o i l  
can be  e a s i l y  t r a n s f e r r e d  t o  a s t a i n l e s s  s tee l  c e n t r i f u g e  tube. P e s t i c i d e - g r a d e  
s o l v e n t s  were then used t o  s o l u  i l i z e  s p e c i f i c  f r a c t i o n s - - o i l s  (pentane) ,  asphal-  
t e n e s  (benzene), p r e a s p h a l t e n e s  ( te t rahydrofuran)  and coal-derived a s h  ( i n s o l u b l e  
i n  a l l  s o l v e n t s  used) .  By s t a r t i n g  wi th  a 3-4 gram sample, one (1)  l i t e r  of each 
s o l v e n t  i n  four  o r  f i v e  200 m l  p o r t i o n s  w a s  u s u a l l y  s u f f i c ' e n t  t o  e x t r a c t  t h e  
s o l u b l e s .  rpm a t  6'C f o r  10 
minutes .  
(65-85OC). 
a 20 m l  s o l u t i o n  of benzene/asphal tenes  w a s  swir led- in  a p a s k  and f l a s h  f rozen  i n  
l i q u i d  n i t rogen ,  and t h e  s o l v e n t  w a s  sublimed a t  10 

4 

t Inso lubles  w e r e  removed by c e n t r i f u g a t i o n  a t  1 0  
Solvents  were removed by n i t r o g e n  f l u s h  on a Rotovap using a water  ba th  

Asphaltenes w e r e  t r e a t e d  d i f f e r e n t l y  a t  t h e  f i n a l  so lvent  removal s t e p ;  

-10- t o r r  f o r  2-3 hours .  

H C 1  Treatment 

The o b j e c t i v e  of  t h i s  procedure w a s  t o  s e p a r a t e  andfor  concent ra te  bo th  n i t  o en 
heteromolecules  and hydroxyl-containing s p e c i e s  from coal-derived m a t e r i a l .  gGas- 
eous H C 1  was bubbled through a benzene o r  pentane s o l u t i o n  of the  c o a l  product  t o  
form a n  inso luble  H C l  adduct  wi th  molecules  conta in ing  a b a s i c  n i t r o g e n  atom. The 
adduct ,  a f t e r  being washed f r e e  of o t h e r  components, w a s  back t i t r a t e d  wi th  d i l u t e  
NaOH s o l u t i o n  t o  f r e e  t h e  base  n i t r o g e n  i n t o  a n  organic  phase, u s u a l l y  d i e t h y l  
e t h e r ,  methylene c h l o r i d e  o r  benzene. The two f r a c t i o n s  recovered c o n t a i n  a c i d /  
n e u t r a l  and n i t rogen  b a s e  m a t e r i a l ,  r e s p e c t i v e l y .  
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Hydroxyl S i l y l a t i o n  

O i l s ,  a spha l tenes  and preasphal tenes  w e r e  t r e a t e d  wi th  hexamethty2is i lazane (HMDS) 
t o  form a t r i m e t h y l s i l y l  e t h e r  (TMS) of a c t i v e  hydroxyl groups. ' A 50 mg sample 
of  coal-derived product  w a s  d i sso lved  i n  25 m l  of  benzene conta in ing  50 lJ1 of 
pyridine-d5. 
mine were added. 
Bunsen valve and mi ld ly  re f luxed  f o r  one hour wi th  occas iona l  s w i r l i n g  of the  
f l a s k .  Af te r  t h e  r e a c t i o n  was completed, s o l v e n t s  and unreacted reagents  were 
removed under n i t r o g e n  f l u s h  on a Rotovap and f i n a l l y  f r e e z e  d r i e d  from 5 m l  o f  
benzene f o r  30 minutes. A p o r t i o n  of t h e  f i n a l  product  w a s  ch c ed by i n f r a r e d  
spectroscopy (IR) f o r  d i sappearance  of t h e  OH band a t  3590 cm-'.k The remaining 
sample was d isso lved  i n  benzene-d6 and its pro ton  NMR spectrum taken and i n t e -  
gra ted .  From t h e  r e l a t i v e  areas of h e  peaks i n  t h e  proton NMR spectrum, a percent  
H a s  OH was c a l c u l a t e d  (Equation 1). 

To t h i s  s o l u t i o n  500 p1 each of HMDS and N-trimethylsilyldimethyla- 
This  mixture  w a s  maintained a s  a c losed system except  f o r  a small 

f 

TMS Area 

(7) + (Remaining Proton Area) 

(7) 
x 10' = % H a s  OH (1) 

TMS Area 

From an elemental  a n a l y s i s  of t h e  o r i g i n a l  sample, one can c a l c u l a t e  t h e  weight 
percent  oxygen as OH on a mois ture  and a s h  f r e e  b a s i s  (MAF). 

Combined Gas Chromatography-Mass Spectrometry (GCMS): 

The combined GCMS analyses  were performed us ing  a Dupont 490 mass spectrometer  
te r faced  t o  a Varian 1700 S e r i e s  gas  chromatograph, equipped wi th  an 80:20 g l a s s  
s p l i t t e r  and a f lame i o n i z a t i o n  d e t e c t o r .  The spectrometer  was a l s o  coupled t o  a 
Hewlett-Packard 2100A computer used f o r  spec t romet r ic  da ta  s t o r a g e  and reduct ion .  
The mass spectrometer  was opera ted  a t  a r e s o l u t i o n  of 600 and a n  i o n i z i n g  v o l t a g e  
o f  70 eV.  The i o n  source,  j e t  s e p a r a t o r  and g l a s s  l i n e  from the  chromatograph to 
t h e  mass spectrometer  were he ld  a t  275°C. The chromatographic e f f l u e n t  w a s  con- 
t inuous ly  scanned a t  a rate of four  seconds p e r  decade by t h e  m a s s  spec t rometer .  

The gas  chromatographic s e p a r a t i o n s  were e f f e c t e d  using a v a r i e t y  of c o n d i t i o n s .  
The n i t r o g e n  bases  and a c i d  f r a c t i o n s  from t h e  c o a l  l i q u e f a c t i o n  product  were 
chromatographed on a 10' x 1/4"  OD g l a s s  column packed wi th  100-120 mesh Supelco- 
p o r t  coated wi th  3% OV-17. Bases from t h e  SRC product  were chromatographed on a 
10'  by 1/8" OD g l a s s  column packed wi th  100-120 mesh Chromasorb-G coated wi th  2% 
OV-17. Gas chromatographic s e p a r a t i o n  of bases  from t h e  l i g h t  o i l  w a s  achieved 
us ing  a 10' x 1/8" OD g l a s s  column conta in ing  a c i d  washed and s i l y l  t r e a t e d  100-120 
mesh Supelcoport coated w i t h  3% Carbowax 20M. In each case  t h e  H e  flow r a t e  w a s  30 
cc/min and t h e  a n a l y s e s  were performed us ing  a p p r o p r i a t e  temperature  p r o g r a m i n g  
condi t ions .  

Column Chromatographic Separa t ion  

Coal-derived l i q u i d s ,  s o l u b l e  i n  pentane,  w e r e  separa ted  i n t o  f i v e  f r a c t i o n s :  
a c i d s ,  bases ,  n e u t r a l  n i t rogen ,  s a t u r a t e  hydrocarbons and aromatic  hydrocarbons. 
Acids were i s o l a t e d  us ing  anion-exchange r e s i n s ,  bases  wi th  cation-exchange r e s i n s ,  
and n e u t r a l  n i t r o g e n  by complexation wi th  f e r r i c  c h l o r i d e  adsorbed on Attapulgus 
c lay .  Those pentane s o l u b l e  hydrocarbons remaining were separa ted  on s i l i c a  g e l  to  
g i v e  the  non-adsorbed s a t u r a t e s  and t h e  moderately r e  a ined aromat ics .  
method i s  commonly r e f e r r e d  t o  as t h e  SARA technique.  

*Reference t o  s p e c i f i c  makes o r  models of equipment does n o t  imply endorsement by 

* 
in -  

This  6 

the  U. S. Energy Research and Development Adminis t ra t ion.  
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RESULTS AND DISCUSSION 

The cent r i fuged  c o a l  l i q u i d  product  (CLP) w a s  produced us ing  I r e l a n d  Mine, P i t t s -  
burgh seam,gWest V i r g i n i a  c o a l  i n  t h e  1 / 2  ton p e r  day SYNTHOIL Process  Development 
Unit  (PDU). 
pressure ,  450'C and no added c a t a l y s t .  The l i g h t  o i l s  were der ived from a c a t a -  
l y t i c  experiment (Harshaw 0402T) using Homestead Mine, Kentucky c o a l ,  under 4000 
p s i  p r e s s u r e  and 450°C. 

The c o a l  l i q u e f a c t i o n  product  w a s  so lvent  separa ted  by t h e  method previous ly  de- 
s c r i b e d  t o  y ie ld  t h e  d i s t r i b u t i o n  of f r a c t i o n s  given i n  Table l. Figure  l g i v e s  
t h e  atom weight percent  d i s t r i b u t i o n  of n i t r o g e n  and oxygen i n  t h e  s o l v e n t  sepa- 
r a t e d  f r a c t i o n s  l i s t e d  i n  Table l. 
separa ted  i n t o  f i v e  f r a c t i o n s  us ing  t h e  SARA chromatographic scheme. Table 2 l i s t s  
t h e  weight percents  of  the i n d i v i d u a l  f r a c t i o n s .  The asphal tenes  w e r e  t r e a t e d  wi th  
H C 1  t o  form a c i d / n e u t r a l  and b a s e  s u b f r a c t i o n s ,  63 and 37 weight percent ,  r e s p e c t i v e l y .  

The a c i d  and b a s e  f r a c t i o n s  from t h e  SARA s e p a r a t i o n  of t h e  o i l s  were subjec ted  t o  
a n a l y s i s  by combined GCMS and low v o l t a g e  low r e s o l u t i o n  mass spectrometry (LVLR). 
F igures  2 and 3 reproduce  t h e  g a s  chromatograms of  the base  and a c i d  f r a c t i o n s ,  
r e s p e c t i v e l y .  The oxygen conta in ing  s p e c i e s  shown i n  F igure  3 have been c l a s s i f i e d  
as a l k y l a t e d  phenols ,  i n d a n o l s / t e t r a l i n o l s ,  phenyl  phenols ,  and cyclohexyl  phenols. 
Table 3 l i s t s  t h e  carbon number range  and t e n t a t i v e  compound type assignments  f o r  
t h e  n i t r o g e n  he terpf lo lecules  i n  t h e  a c i d  and base  f r a c t i o n s  a s  determined by LVLR 
mass spectrometry.  Table  4 l i s ts  t h e  compound types  ass igned  to  t h e  base  f r a c -  
t i o n  o f  t h e  o i l s  by GCMS. 

Table 5 l i s t s  t h e  carbon number range d a t a  from t h e  HRMS a n a l y s i s  of  t h e  asphal-  
t e n e s  and t h e i r  a c i d / n e u t r a l  and base  s u b f r a c t i o n s .  61t must be  noted t h a t  at t h e  
o p e r a t i n g  condi t ions  of the s o l i d s  inlet ,  3OO0C, 10- t o r r ,  less than  50% of t h e  
these  m a t e r i a l s  could be  v o l a t i l i z e d .  These pre l iminary  s t u d i e s  have a l s o  i n d i -  
ca ted  t h e  presence of a l i m i t e d  number of d iaza-spec ies  from Z# = 8-18. 

The SYNTHOIL PDU c p p t a i n s  s e v e r a l  knock-out t r a p s  t h a t  condense low b o i l i n g  compo- 
nents ,  l i g h t  o i l s .  Nitrogen bases  i n  t h e  l i g h t  o i l s  were i s o l a t e d  by t h e i r  
p r e c i p i t a t i o n  w i t h  gaseous H C 1  and back t i t r a t e d  wi th  NaOH i n t o  d i e t h y l  e t h e r .  
These n i t r o g e n  b a s e s  c o n s t i t u t e d  3% by weight  of the  l i g h t  o i l s .  The g a s  chroma- 
tographic  p r o f i l e  of t h e s e  bases  is given i n  F igure  4. An earlier s tudy  of t h e s e  
l i g h t  o i l s  c h a r a c t e r i z e d  the  s a t u r a t e s ,  a m a t i c s  and a c i d i c  components separa ted  
by Fluorescence I n d i c a t o r  Analysis  (FIA) .'* The p r e s e n t  i n v e s t i g a t i o n  has  r e s u l t e d  
i n  t h e  f i r s t  q u a n t i t a t i v e  a n a l y s i s  of p y r i d i n e s  and a n i l i n e s  i n  an o i l  produced by 
t h e  hydrogenat ion of c o a l .  

Table  6 summarizes t h e  q u a n t i t a t i v e  r e s u l t s  from t h e  chromatogram of F igure  4 .  
i s  of i n t e r e s t  t o  p o i n t  o u t  t h a t  dur ing  t h i s  i n v e s t i g a t i o n ,  though numerous s u b s t i -  
tu ted  pyr id ines  were q u a n t i t a t e d ,  no evidence f o r  t h e  parent  w a s  found. Because 
t h e  techniques employed recovered components w i t h  b o i l i n g  p o i n t s  n e a r  t h a t  of pyri-  
d i n e  i t  is  suggested t h a t  t h i s  observa t ion  may be s i g n i f i c a n t .  I f  f r e e  p y r i d i n e  
was t rapped w i t h i n  t h e  c o a l  macromolecular s t r u c t u r e  i t  s u r e l y  would have been 
found i n  e i t h e r  t h e  l i g h t  o i l s  o r  t h e  pentane s o l u b l e  o i l s .  I f ,  on t h e  o t h e r  hand, 
p y r i d i n e  was a t t a c h e d  exo-, v i a  a s i n g l e  C-C bond, t o  a more complex molecular  
network, the hydrogenat ion  process  should have f r e e d  i t  i n t a c t .  But i f  t h e  n i t r o -  
gen heteroatom w a s  a n  i n t e g r a l  p a r t  of t h e  o r i g i n a l  c o a l  macromolecule, then 
hydrogenation would have cleaved a number of Ca-Cg bonds t o  produce a wide d i s t r i -  
bu t ion  of methylpyridines .  Table  6 shows t h i s  methyl s u b s t i t u t i o n  t rend .  Quant i -  
t a t i v e  r e s u l t s  i n d i c a t e  t h a t  2 ,3 ,6- t r imethylpyr id ine  is seven t imes more abundant 
than 2,3-dimethylpyridine and approximately t w i c e  as abundant a s  any o t h e r  methyl- 
pyr id ine .  

The source  of a n i l i n e s  and ,  i n  p a r t i c u l a r ,  t h e  observa t ion  of bo th  t h e  p a r e n t  and 
t h e  methyl s u b s t i t u t e d  a n i l i n e s  a r e  of i n t e r e s t .  

Operat ing c o n d i t i o n s  f o r  t h i s  experiment  were 4000 p s i  hydrogen 

The pentane s o l u b l e  o i l s  w e r e  subsequent ly  

I 

It 

Ani l ines  can  arise from hydro- 
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genat ion  of t h e  h e t e r o r i n g  i n  a fused r inf3sys tem fol lowed by breaking of t h e  bond 
between n i t r o g e n  and a n  a l i p h a t i c  carbon. 
d e r i v a t i v e  could be a source  of  t h e  a n i l i n e s .  Table  4 l ists  seven q u i n o l i n e s  found 
i n  t h e  o i l s  t h a t  could be  t h e  precursofy.  The presence of  t h e  parent  a n i l i n e ,  t h a t  
should r e a d i l y  be  hydrodeni t rogenated,  i s  s i g n i f i c a n t .  I f  d e a l k y l a t i o n  w a s  t h e  
same f o r  a l l  spec ies ,  why d i d n ' t  we see any of t h e  p a r e n t  pyr id ine?  
t h a t  t h e  p o t e n t i a l  a n i l i n e  m o i e t i e s  are l o c a t e d  near  t h e  per iphery  of t h e  c o a l  
macromolecule i n  c o n t r a s t  t o  t h e  pyr id ines .  
methylan i l ines  ( t o l u i d i n e s )  a r e  i n  abundance i n  t h e  o r d e r  meta > o r t h o  >> para > 
parent  a n i l i n e ,  and a l l  are g r e a t e r  than  t h e  d imethylan i l ines .  These i n t e r p r e t a -  
t i o n s  are based upon t h e  more d e t a i l e d  a n a l y s i s  of t h e  l i g h t  o i l s .  
evidence f o r  t h e  presence of  s i g n i f i c a n t  amounts of a l k y l a t e d  a n i l i n e s  and pyri-  
d i n e s  i n  t h e  pentane s o l u b l e  o i l s  from t h e  CLP have not  been repor ted .  

To complete t h i s  i n i t i a l  i n v e s t i g a t i o n  of  n i t r o g e n  s p e c i e s  w e  chose t o  l o o k  a t  t h e  
n i t r o g e n  compounds p r e s e n t  i n  t h e  r e c y c l e  s o l v e n t  used f o r  SRC process ing  and com- 
pare  them wi th  those  found i n  c o a l  l i q u e f a c t i o n  product  o i l s .  A f t e r  e x t r a c t i n g  t h e  
gross  benzene s o l u b l e s ,  they  were t r e a t e d  w i t h  HC1 t o  i s o l a t e  n i t r o g e n  bases .  This  
p a r t i c u l a r  sample had a s l i g h t  r e s i d u e  t h a t  w a s  benzene i n s o l u b l e .  
t h e  gas  chromatographic p r o f i l e  of  t h e s e  n i t r o g e n  bases  and summarizes t h e  promi- 
nent  s t r u c t u r a l  isomers. The b a s e  f r a c t i o n  from t h e  SRC so lvent  was less complex 
than  t h e  n i t rogen  bases  found i n  the  l i q u e f a c t i o n  o i l s ,  b u t  t h e  same p r i n c i p a l  
molecular  s p e c i e s  w e r e  found i n  both  samples. 

Therefore  quinol ine  and its a l k y l  

It could mean 

The q u a n t i t a t i v e  r e s u l t s  i n d i c a t e  t h a t  

To d a t e  d i r e c t  

F igure  5 g ives  

The presence of  hydroxyl groups i n  coal-der ived m a t e r i a l s  has  long been es tab-  
l i s h e d .  
t h e  t o t a l  oxygen. 
of  t h e  hydroxyl groups by an ion  exchange r e s i n  chromatography ( a c i d s )  o r  t h e  H C 1  
t rea tment  ( a c i d / n e u t r a l ) .  Once t h e  separation/concentration has  been made t h e  
sample is t r e a t e d  wi th  a d e r i v a t i z i n g  reagent  t o  form a t r i m e t h y l s i l y l  e t h e r ,  Ar-0- 
Si(CH3) 3 .  

It has  been shown t h a t  a l l  of t h e  hydroxyl  groups c o n t r i b u t i n g  t o  t h e  35906cm-l 
i n f r a r e d  band can be  q u a n t i t a t i v e l y  removed w i t h  t h e  d e r i v a t i z i n g  reagent .  The 
TMS e t h e r s  are next  examined by pro ton  NMR. The s i g n a l s  near  0 ppm r e p r e s e n t  t h e  
t r i m e t h y l s i l y l  (CH ) protons  from each of  t h e  hydroxyl d e r i v a t i v e s .  By i n t e g r a t -  
ing  t h e  a r e a  under3tze t o t a l  p ro ton  spectrum and a l lowing  f o r  t h e  9-fold i n t e n s i t y  
enhancement f o r  t h e  TMS area, t h e  percent  H as OH can be  c a l c u l a t e d .  Table  7 l i s t s  
some r e p r e s e n t a t i v e  de te rmina t ions  of hydroxyl conten t  from o i l s  and asphal tenes .  
The s i l y l  d e r i v a t i z a t i o n  q u a n t i t a t i o n  of hydroxyls  i n  asphalkenes has  been compared 

15 t o  t h e  i n f r a r e d  spec t roscopic  method of s tandard  a d d i t i o n s .  Our r e s u l t s  agreed 
t o  w i t h i n  10%. I n f r a r e d  d a t a ,  and t h o s e  from o t h e r s  working on similar f r a c t i o n s  
i n d i c a t e s  t h a t  t h e r e  is l i t t l e  i f  any carbonyl  oxygen (C=O) p r e s e n t  i n  c o a l  l ique-  
f a c t i o n  'products  produced i n  t h e  SYNTHOIL PDU. 
s t a n t i a l l y  a l l  of t h e  oxygen e x i s t s  as e i t h e r  hydroxyl (phenol ic  o r  b e n z y l i c )  o r  i n  
a n  e t h e r  l i n k a g e  (e.g. f u r a n ) .  

A u s e f u l  cor robora t ion  of t h e  NMR d a t a  and of  c h a r a c t e r i z i n g  t h e  a c i d  f r a c t i o n  of 
t h e  o i l s  is its mass spectrum b e f o r e  and a f t e r  TMS d e r i v a t i z a t i o n .  F igure  6 A and 
B shows t h e  a c i d  components from t h e  pentane s o l u b l e  o i l s  b e f o r e  and a f t e r  TMS 
d e r i v a t i z a t i o n ,  r e s p e c t i v e l y .  Note t h a t  t h e  mass peaks are s h i f t e d  72 amu t o  g i v e  
a n e a r l y  i d e n t i c a l  mass d i s t r i b u t i o n .  
pounds t h a t  d e f i n i t e l y  formed a TMS e t h e r .  From t h e  mass s p e c t r a l  d a t a  t h e r e  was 
a l s o  evidence f o r  trace amounts of indenol ,  naphthol  and phenanthrol  d e r i v a t i v e s .  

Our p r e s e n t  i n t e r e s t  is t o  d e f i n e  q u a n t i t a t i v e l y  t h e  OH as a percentage  of 
The s e p a r a t i o n  methods descr ibed  concent ra te  a high percentage  

Therefore ,  we conclude t h a t  sub- 

Table 8 lists those  hydroxyl  conta in ing  com- 
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Figure 1. Atom weight percent distribution of heteroatoms. 
A) Oils, B) Asphaltenes, C) Preasphaltenes, and 
D) Ash. 

Figure 2. Cas chromatogram of base fraction from a coal 
liquefaction product. Table 4 identifies major 
components. 
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Figure 5. Gas chromatogram of nitrogen bases from an SRC 
recycle solvent. 1) N-3 ring, e.g. acridine, 
2) methyl-N-3-ring, 3) azapyrene, 4)and 5) 
methylazapyrene. 
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Character izat ion of Coal Products 
by Mass Spectrometry 

H. E. Lumpkin and Thomas Aczel 

Exxon Research and Engineering Company, Baytown, Texas 

I. Introduct ion and Background 

In  s t u d i e s  on t h e  organic  chemistry of coa l ,  t h e  researcher ,  unfortunately,  
i s  unable t o  examine a complete coa l  molecule. 
analyze b i t s  and p ieces  of coa l  molecules produced by solvent  r e f i n i n g ,  l iquefac-  
t i o n ,  pyro lys i s ,  o r  ex t rac t ion .  Knowledge of t h e  composition of these pieces  helps  
i n  understanding t h e  organic  chemistry of coa l  and is v i t a l  f o r  t h e  development of 
c o a l  l iquefac t ion  processes  and t h e  f u r t h e r  upgrading of the  l i q u e f a c t i o n  products. 

He must ins tead  be content  to  

Mass spectrometry is t h e  prime technique used in our l a b o r a t o r i e s  (1.2) and 
i n  o ther  l a b o r a t o r i e s  (3) t o  determine t h e  composition of the  very complex mixtures 
der ived from coal .  
(MS) f o r  over 30 years .  
resolving power increased,  MS w a s  appl ied t o  higher  b o i l i n g  ranges and more complex 
mixtures. 
years  ago, we had well-developed instrumentat ion,  da ta  handling procedures, and 
q u a n t i t a t i v e  analyses  f o r  petroleum (6,7). 
products required only minor changes and extensions (8,9). 
descr ibe  some of t h e  MS procedures we use and give some t y p i c a l  examples of 
analyses. 

Petroleum f r a c t i o n s  have been analyzed by mass spectrometry 
As heated inlet systems evolved (4,5) and instrumental  

When research  i n  coal  l iquefac t ion  began i n  our l a b o r a t o r i e s  about 10 

Extension of these  techniques t o  coal 
I n  t h i s  paper we 

11. Equipment and Data Handling Procedures 

A very repea tab le  low reso lu t ion  instrument is  used f o r  streams i n  which t h e  
The unseparated naphtha boi l ing  major components have been previously i d e n t i f i e d .  

range, separated s a t u r a t e  f r a c t i o n s ,  and mid-boiling range samples (when d e t a i l e d  
knowledge of the  hetero-atom components i s  not required)  f a l l  i n  t h i s  category. 
For mid-boiling and high-boiling f r a c t i o n s  requi r ing  more complete breakdown of 
aromatic, hydroaromatic, and aromatic hetero-compounds, spec t ra  a r e  obtained on a 
high-resolut ion double focusing instrument. 

Both of t h e  instruments  a r e  automated. A d i g i t a l  readout system senses  
peaks and converts analog signals t o  d i g i t a l  s i g n a l s ,  records d i g i t a l  da ta  on 
pr in ted  paper tape  and on magnetic tape, and a l a r g e r  computer reads t h e  data  
from the  magnetic tape  and f u r t h e r  processes i t  employing propr ie ta ry  computer 
programs. A l i s t  of t h e  equipment i s  shown below: 

Item Manufacturer Model 

111. 

Low Resolutibn MS Consolidated Electrodynamics Corp. 21-103C 
High Resolution MS Associated E l e c t r i c a l  I n d u s t r i e s ,  Ltd. E 5 0  
MS Readout System Cohmbia S c i e n t i f i c  I n d u s t r i e s  (31-260 
P r i n t e r  Mohawk Data Systems 2016 
Computer I n t e r n a t i o n a l  Business Machines 370 

Methods and Resul ts  

A. Naphtha Boil ing Range 

High ion iz ing  vol tage ,  low reso lu t ion  spec t ra  a r e  adequate t o  determine 
p a r a f f i n s ,  naphthenes, 2-ring naphthenes, C g - C l l  benzenes, Cg-Clo indanes and 
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t e t r a l i n s ,  Cg-Clo indenes,  C1o-C11 naphthalenes, and C10-Cl2 phenols i n  the  C5 
t o  450'F boi l ing  range. 
of pure compounds and assembled i n  a 20 component matr ix .  
given i n  Table I. 

The c a l i b r a t i o n  da ta  were der ived pr imari ly  from scans 
A summary a n a l y s i s  is 

Table  I 

Component W t  .% 

T o t a l  S a t u r a t e s  
T o t a l  Benzenes 
Indanes /Tet ra l ins  
Indenes 
Naphthalenes 
T o t a l  Phenols 7.1 

Tot a 1  100.0 

76.6 
13.9 

2.3 
0.1 
0.0 

W t  .Pct. Carbon 
Wt.Pct. Hydrogen 
W t  .Pct. Oxygen 

85.80 
13.09 
1.11 

With some assumptions regard ing  the  molecular weight d i s t r i b u t i o n s  of t h e  p a r a f f i n s  
and naphthenes, a u s e f u l  elemental a n a l y s i s  can be r e a d i l y  calculated.  

Occasionally more d e t a i l e d  da ta  f o r  t h e  s a t u r a t e d  components i s  des i rab le .  
A 42 component combined MS and gas chromatographic procedure determines t h e  
aromatic  and phenolic components l i s t e d  previously and fur ther  breaks down t h e  
p a r a f f i n s  i n t o  i so-  and normal types by carbon number and the  naphthenes i n t o  
cyclohexanes and cyclopentanes by carbon number. 
from pure compounds and from concent ra tes  separated by molecular s i e v e  and gas  
chromatography. 

B. 

Fract ions b o i l i n g  above t h e  naphtha range can be separated i n t o  s a t u r a t e ,  

Cal ibra t ion  data  were obtained 

Higher Bo i l ing  Range Sa tura te  Frac t ion  

aromatic ,  and polar  f r a c t i o n s  employing a modified vers ion of the clay-gel 
adsorp t ion  chromatographic method, ASTM D-2007. The s a t u r a t e  f r a c t i o n  is 
analyzed by the  high i o n i z i n g  vol tage  MS method, ASTM D-2786. A t y p i c a l  a n a l y s i s  
of a 430-950'F s a t u r a t e  f r a c t i o n  from a Synthoi l  product (10) is given i n  Table 11. 

Table I1 

W t . X  Compound Type - 
P a r a f f i n s  
1-Ring Naphthenes 
2-Ring Naphthenes 
3-Ring Naphthenes 
4-Ring Naphthenes 
5-Ring Naphthenes 
6-Ring Naphthenes 
Monoaroma t i c s  

34.2 
18.4 
16.3 
14.6 
10.3 

3.0 
1.1 
2.1 

Normal p a r a f f i n s  genera l ly  comprise t h e  major p a r t ,  80-90%. of the  t o t a l  
p a r a f f i n s  i n  coa l  l i q u e f a c t i o n  products and a l e s s e r  p a r t  i n  coa l  e x t r a c t s .  
a s p l i t  between iso-  and normal-paraffins is des i red ,  gas  chromatography r a t h e r  
than  mass spectrometry is  normally the  method of preference i n  higher b o i l i n g  

When 
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f r a c t i o n s .  I so-paraf f ins  a r e  n o t  u s u a l l y  i d e n t i f i e d .  However, we have r e c e n t l y  
i d e n t i f i e d  t h e  isoprenoid p a r a f f i n s  p r i s t a n e ,  2, 6, 10, 14-tetramethyl pentadecane, 
and phytane, 2 ,  6, 10, 14-tetramethyl hexadecane i n  c o a l  e x t r a c t s  and l i q u e f a c t i o n  
products. 
corroborated by MS (10). 

These components w e r e  separa ted  and i d e n t i f i e d  by gas chromatography, 

Isoprenoid p a r a f f i n s  a r e  used i n  organic  geochemistry t o  group oils i n t o  
"families" (11). It i s  p o s s i b l e  that coa ls  from d i f f e r e n t  seams o r  d e p o s i t s  might 
be  d i f f e r e n t i a t e d  by t h e  r e l a t i v e  r a t i o s  of these  i soprenoids  or by t h e  isoprenoid 
t o  n-paraff in  r a t i o .  P r i s t a n e  i s  thought t o  be der ived from t h e  d i t e r p e n i c  a lcohol  
phytol  (12), t h a t .  comprises about 30% of t h e  ch lorophyl l  molecule, and i t s  presence 
and concentrat ion might be r e l a t e d  t o  t h e  environment of t h e  marsh i n  which a 
p a r t i c u l a r  c o a l  bed OK seam w a s  formed. 

C. 

I f  da ta  on t h e  s a t u r a t e  por t ion  a r e  not  requi red ,  t h e  aromatic and polar  

Higher Boi l ing Range Aromatic and Polar  Frac t ions  

aromatic  components a r e  determined on t h e  unseparated sample. 
a high reso lu t ion  instrument  operated i n  t h e  low ioniz ing  vol tage  mode (13). The 
same procedure can be appl ied  t o  separa ted  aromatic  and polar  f r a c t i o n s ,  and t h i s  
is prefer red  i f  t h e r e  is a s i g n i f i c a n t  concent ra t ion  of p o l a r  components. 

This is done with 

With low i o n i z i n g  vol tage  e l e c t r o n s  only  those  components conta in ing  double 
bonds, such a s  aromatics  and o l e f i n s ,  a r e  ionized and only t h e  molecular ion is 
produced. Thus, t h e  s p e c t r a ,  t h e  s p e c t r a l  i n t e r p r e t a t i o n ,  and t h e  c a l i b r a t i o n  
d a t a  a r e  s impl i f ied ,  as t h e r e  i s  no i n t e r f e r e n c e  between components. 

A f u l l  d i scuss ion  of high r e s o l u t i o n  mass spectrometry is beyond t h e  scope 
of t h i s  paper, so t h e  technique w i l l  be  descr ibed here  only b r i e f l y .  Di f fe ren t  
combinations t o  form molecules of t h e  atomic s p e c i e s  found i n  c o a l  products  w i l l  
have d i f f e r e n t  molecular weights. For example, from t h e  atomic weights of the  
most abundant spec ies  given below one c a l c u l a t e s  t h e  molecular weight of methyl 

Atomic Species  Atomic Weight 

Carbon 12.000 
Hydrogen 1.0078 
Oxygen 15.9949 
Nitrogen 14.0031 
Sul fur  31.9721 

acenaphthene, C13H12, t o  be 168.0939, and t h e  molecular weight of dibenzofuran, 
C12H80, to  be 168.0575. The high r e s o l u t i o n  MS reso lves  these  two peaks having 
t h e  same nominal molecular weight and t h e  reso lv ing  power required i s  4615 
(Mass/AMass = 168/0.0346 = 4615). 
power t o  separa te ,  p a r t i c u l a r l y  those  conta in ing  n i t rogen  o r  s u l f u r  (14). 
MS and i t s  a u x i l i a r y  apparatus  must a l s o  provide d a t a  from which p r e c i s e  mass 
measurements can be ca lcu la ted .  
i n  a repea tab le logar i thmic  scanof  t h e  s p e c t r a  and by introducing compounds having 
peaks a t  known masses, t h e  masses of t h e  sample peaks can be determined very 
prec ise ly ,  and t h e  mass determines t h e  molecular formula. 

Other molecules r e q u i r e  even g r e a t e r  reso lv ing  
The 

By measuring t h e  time a t  which each peak occurs  

The scheme w e  u s e  from mass spectrometer  t o  f i n a l  q u a n t i t a t i v e  a n a l y s i s  is 
given i n  t h e  d a t a  flow scheme shown below. The MS, MS readout system, p r i n t e r ,  
computer, computer programs, and people a r e  required.  

137 



Sample and re ference  compounds charged t o  high r e s o l u t i o n  MS 

Peak h e i g h t s  and - times pr in ted  Peak height  and times 
w r i t t e n  on mag tape on paper t a p e  

Reference peak t i m e s  recognized Mag t a p e  read and cards  
and cards  punched by hand punched by computer 

Cards read ,  masses calculated, 'molecular formulas ass igned,  
output  p r i n t e d ,  cards  punched by computer 

h + 

4 
Formulas checked and c o r r e c t i o n  c a r d s  punched by hand 

Cards read ,  q u a n t i t a t i v e  ana lys i s ,  average molecular weight, 
carbon number, and r i n g  d i s t r i b u t i o n s ,  e lemental  analyses ,  
d i s t i l l a t i o n  c h a r a c t e r i s t i c s ,  p red ic ted  composition of 
narrow c u t s  ca lcu la ted  and p r i n t e d  by computer. 

The m o s t  d e t a i l e d  information ca lcu la ted  from t h e  high reso lu t ion  s p e c t r a  is 
t h e  q u a n t i t a t i v e  amount of each compound type  a t  each carbon number. This  tabula- 
t i o n  is pr in ted  on 6 pages, 50 rows and 12 columns per  page. 
than  most engineers  c a r e  t o  examine; therefore ,  summary t ab le s ,  d i s t r i b u t i o n s ,  and 
o t h e r  items are c a l c u l a t e d  from t h e s e  d e t a i l e d  d a t a .  
type  summary of a S y n t h o i l  product (10) are given i n  Table 111. This is  t h e  
i n i t i a l  summary made from t h e  d e t a i l e d  da t a .  

This is  more da t a  

Excerpts from t h e  compound 

Tabla I11 

Average Average C Atoms i n  
Compound Type W t . %  Mol.Wt. Carbon No. Sidechains 

Alkyl Benzenes 1.74 160.8 ' 11.9 5.9 
Naphthalenes 11.02 176.4 13.5 3.5 
Dibenzothiophenes 0.33 210.9 13.9 1.9 
Fluorenothiophenes 0.16 241.2 16.4 2.4 
Benzofurans 0.56 210.9 14.6 6.6 
Dibenzofurans 2.55 255.0 16.1 4.1 

The d i s t r i b u t i o n  of aromatic  r i n g s  i s  a f u r t h e r  summary which may be of 
v a l u e  i n  r e f i n i n g  o f  coal products. The r i n g  d i s t r i b u t i o n  f o r  t h e  same product 
of Table  111 is shown in Table I V  normalized t o  loo%, but t h e  program also 
c a l c u l a t e s  and p r i n t s  t h e  same d i s t r i b u t i o n  normalized t o  t h e  percent aromatics 
i n  t h e  sample. 

Table I V  

Hydrocarbons Sul fur  Comp. Oxygen Comp. Tota ls  

Nonaromat i c s  0.0 0.144 0.0 0.144 
1 Ring Aroms 20.960 0.517 2.235 23.712 
2 Ring Aroms 36.919 0.611 3.465 40.996 
3 Ring Aroms 15.644 0.153 2.202 17.999 
4 Ring Aroms 12.388 0.067 1.470 13.925 
5 Ring Aroms 1.997 0.020 0.208 2.225 
6 Ring Aroms 0.856 0.084 0.940 
7+ Ring Aroms 0.068 0.068 

Tota ls  88.832 1.512 9.664 100.008 
- - 
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Addit ional  ca lcu la ted  items, such as d i s t i l l a t i o n  c h a r a c t e r i s t i c s  (15) ,  can 
be of g r e a t  value t o  a researcher .  I f  t h e r e  i s  i n s u f f i c i e n t  sample a v a i l a b l e  fo r  
a c t u a l  d i s t i l l a t i o n ,  s a y  from a bench-scale experiment, a few mil l igrams w i l l  
s u f f i c e  f o r  a high r e s o l u t i o n  MS run. The ca lcu la ted  MS values ,  GC d i s t i l l a t i o n ,  
and 15/5 d i s t i l l a t i o n  are i n  good agreement. 

The same high r e s o l u t i o n  scheme can a l s o  be appl ied t o  t h e  polar  f r a c t i o n s  
from the  clay-gel separa t ion .  But t h e  a n a l y s i s  of po lars  can become very 
tedious - t h e  composition is much more complex as t h e  p o l a r s  conta in  many of 
t h e  same hydrocarbon s p e c i e s  a s  t h e  aromatic  f r a c t i o n s  i n  addi t ion  t o  the  polar  
hetero-aromatic oxygen, n i t rogen ,  and s u l f u r  compounds. I n  addi t ion ,  our computer 
programs f o r  some of these  c l a s s e s  of components are not  y e t  f u l l y  i n t e g r a t e d  i n t o  
t h e  f i n a l  q u a n t i t a t i v e  a n a l y s i s  program, and s e p a r a t e  programs must be run  and t h e  
r e s u l t s  meshed. An i n d i c a t i o n  of t h e  complexity of t h e  polar  components i n  c o a l  
products i s  provided by a very  small por t ion  of s p e c t r a  of t h e  p o l a r  f a c t i o n  of a 
Synthoi l  product given i n  Table V, i n  which some t y p i c a l  m u l t i p l e t s  resolved by 
t h e  high r e s o l u t i o n  MS are shown. The d a t a  were obtained a t  a reso lv ing  power of 
about 40,000. 

Table V 
General 

Mass Formula I n t e n s i t y  Formula Poss ib le  S t r u c t u r e  -~ 
254.0764 C16H14S0 230 CnH2n-18S0 C -Hydroxythiophenoacenaphthene 

254.1306 C17H1802 822 CnH2n-1602 C -Dihydroxyfluorene 

254.1671 Cr8Hz20 

381.1517 CZ9Hl9N 337 CnH2n-39N C2-Dibenzoperylenide 

381.1729 C26H23N02 219 CnH2n-29N02 C5-Dihydroxybenzochrysenide 

381.2092 C27H27N0 363 CnH2n-27N0 C -Hydroxydibenzcarbazole 

2 

4 
511 CnH2n-140 C -Hydroxyacenaphthene 6 

7 
267 CnH2n-25N C -Chloranthr idine 9 
110 CnH2n-420 C -Hydroxybenzocoronene 2 

5 

6 

381.2456 C28H31N 

394.1357 C30H180 

394.1569 C27H2203 225 CnH2n-3203 C -Trihydroxybenzoperylene 

394.1933 C28H2602 275 CnH2n-3002 C -Dihydroxybenzochrysene 

394.2295 C29H300 507 CnH2n-280 Cg-Hydroxybenzopyrene 

111. Conclusions 

The n a t i o n a l  need t o  develop l i q u i d  f u e l s  from coa l  t o  augment diminishing 
petroleum f u e l s  i s  a chal lenge t o  t h e  c o a l  chemist. Analy t ica l  c h a r a c t e r i z a t i o n  
of these  c o a l  l i q u i d s  is  a chal lenge t o  t h e  a n a l y t i c a l  chemist. We b e l i e v e  t h a t  
mass spectrometry, both low r e s o l u t i o n  and high reso lu t ion ,  p lays  an important 
r o l e  i n  responding t o  t h i s  chal lenge,  and have given examples of t h e  a p p l i c a t i o n  
of t h e  technique t o  var ious  c o a l  product samples. 

More d e t a i l e d  information on t h e  use  of high r e s o l u t i o n  mass spectrometry 
t o  analyze hetero-compounds i n  coa l  e x t r a c t s  and l i q u e f a c t i o n  products  is  given 
i n  our paper i n  t h e  "Symposium on Refining of Coal and Shale Liquids," Div is ion  
of Petroleum Chemistry, Nat ional  ACS meeting, Chicago, 1977. 
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FIELD IONIZATION AND FIELD DESORPTION MASS SPECTROMETRY 
APPLIED TO COAL RESEARCH 
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Stanford Research I n s t i t u t e  

Menlo Park ,  C a l i f o r n i a  94025 
Mass Spectrometry Research Center  

Mass spectrometry o f f e r s  a unique way t o  c h a r a c t e r i z e  c o a l  l i q u e f a c t i o n  products .  
Molecular  weight p r o f i l e s  of such complex mixtures  of organic  m a t e r i a l s  may be 
considered a s  t h e  f i r s t  s t e p  i n  t h e  unders tanding  of t h e i r  n a t u r e  i n  molecular  terms. 
Molecular  weight p r o f i l e s  may be produced by nonfragmenting mass spec t romet ry ,  which 
almost  e x c l u s i v e l y  y i e l d s  molecular  ions .  F i e l d  i o n i z a t i o n  produces molecular  i o n s  
from most organic  compounds (1). When a complex mixture  is analyzed by t h i s  mass 
spec t romet r ic  technique ,  w e  o b t a i n  a s i n g l e  peak f o r  each c o n s t i t u e n t  o r  fo r  a group 
of c o n s t i t u e n t s  t h a t  s h a r e s  t h e  same nominal molecular  weight .  By repea ted  mul t i -  
scanning,  we can o b t a i n  a q u a n t i t a t i v e  molecular  weight p r o f i l e  of complex mixtures  ( 2 ) .  

The d e t a i l e d  molecular  weight p r o f i l e s  a t t a i n a b l e  by f i e l d  i o n i z a t i o n  mass 
spectrometry a r e  much more informat ive  than  molecular  weight p r o f i l e s  ob ta ined  by 
g c l  permeation chromatography (GPC). Moreover, GPC is s u b j e c t  to  a r t i f a c t s  caused 
by a s s o c i a t i o n s  of s o l u t e s  or by so lu te -so lvent  complex formations.  The average 
molecular  weight p r o f i l e s  obtained by vapor phase osmosis (VPO) c o n t a i n  minimal 
chemical information and a r e  u s e f u l  mainly i n  conjunct ion  wi th  p r i o r  chromatographic  
s e p a r a t i o n .  The c o s t  p e r  mass s p e c t r o m e t r i c  a n a l y s i s  i s  h i g h e r  t h a n  by t h e s e  t w o  
techniques ,  bu t  t h e  information obta ined  on each i n d i v i d u a l  c o n s t i t u e n t  or group 
of c o n s t i t u e n t s  would c o s t  much more i f  obtained s e p a r a t e l y  by o t h e r  techniques .  
The advantage of t h e  mass s p e c t r o m e t r i c  technique  i s  its u n i v e r s a l i t y ;  for t h e  
same sample, t h e  same molecular  weight p r o f i l e  w i l l  be  obta ined  by d i f f e r e n t  
i n v e s t i g a t o r s  using d i f f e r e n t  mass spec t rometers .  

Low energy e l e c t r o n  impact i o n i z a t i o n ,  which induces  r e l a t i v e l y  l i t t l e  
fragmentat ion,  has  been proposed a s  an a p p r o p r i a t e  a l t e r n a t i v e  technique  f o r  t h e  
a n a l y s i s  of complex organic  mixtures  (3,4) i n c l u d i n g  f u e l s ( 5 ) .  However, an e x c e l l e n t  
sys temat ic  s tudy by Scheppele e t  a 1  (6), has  shown t h a t  f i e l d  i o n i z a t i o n  i s  by 
f a r  s u p e r i o r  f o r  t h i s  purpose. This  r e c e n t  s tudy has  shown t h a t  t h e  r e l a t i v e  
i o n i z a t i o n  e f f i c i e n c i e s  by f i e l d  i o n i z a t i o n  of many d i f f e r e n t  c l a s s e s  of organic  
compounds a r e  very s i m i l a r ,  ranging  only  over  a f a c t o r  of t w o .  T h i s  can be  compared 
wi th  a range of  over  a n  o r d e r  of magnitude f o r  low energy e l e c t r o n  impact on the  
same s u b s t r a t e s .  Moreover, it was shown (6) t h a t  once c o r r e c t e d  f o r  t h e  small 
d i f f e r e n c e s  i n  i o n i z a t i o n  e f f i c i e n c i e s ,  which can be programmed and c a l c u l a t e d  
f o r  known homologous s e r i e s ,  t h e  a n a l y s i s  of complex mixtures ,  l i k e  f u e l s ,  can  
produce q u a n t i t a t i v e  r e s u l t s  wi th  a s i g n i f i c a n t l y  lower var iance  t h a n  o b t a i n a b l e  

wi th  l o w  energy e l e c t r o n  impact ,  fo l lowing  an i d e n t i c a l  computat ional  c o r r e c t i o n .  

-- 
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Without such a c o r r e c t i o n ,  when d e a l i n g  with unknown c o n s t i t u e n t s ,  f i e l d  i o n i z a t i o n  
i s  by f a r  a s u p e r i o r  t echn ique  for o b t a i n i n g  semiquan t i t a t ive  information on t h e  
composition of h i g h l y  complex mix tu re .  

F i e l d  i o n i z a t i o n  is f a c i l i t a t e d  by t h e  high f i e l d  g rad ien t  t h a t  can be produced 
with ve ry  high c u r v a t u r e s .  
r e q u i r e s  less than  1000 V to  produce f i e l d  i o n i z a t i o n .  Such a c o n f i g u r a t i o n  i s  read i ly  
a t t a i n a b l e  i n  a r ep roduc ib le  manner by the a p p r o p r i a t e  technology. A t  SRI, we have 
developed a novel f i e l d  i o n i z a t i o n  source ,  t h e  p r e a c t i v a t e d  f o i l  s l i t  type source (7). 
Th i s  source i s  s u p e r i o r  t o  t h e  now c l a s s i c a l  SRI mul t ipo in t  source ( 2 , 8 )  because of 
i t s  lower s e n s i t i v i t y  t o  d e a c t i v a t i o n  i n  t h e  presence of oxygen-, s u l f u r - ,  or halogen- 
c o n t a i n i n g  compounds. The new source comprises an  a c t i v a t e d  tantalum f o i l  on which 
carbonaceous d e n d r i t e s  are' depos i t ed  from pyr id ine  vapor  a t  h igh  temperature  under a 
high e l e c t r o s t a t i c  f i e l d  (7). 

A cathode with a r a d i u s  of cu rva tu re  of about 0.1 LL 

The mass a n a l y z e r  used by u s  f o r  multicomponent a n a l y s i s  i s  a 60' s e c t o r ,  25 cm 
instrument  and h a s  been desc r ibed  before  (9 ) .  The temperature  of t h e  sample can be 
c o n t r o l l e d  independent ly  of t h e  temperature  o f  t h e  source.  The temperature  of the 
sou rce  is  maintained c o n s t a n t  and h ighe r  t han  t h e  maximum temperature  t h e  sample i s  
sub jec t ed  t o ;  t h i s  p r e v e n t s  memory e f f e c t s  and r e s u l t s  i n  more c o n t r o l l e d  i o n i z a t i o n  
cond i t ions .  
handle  thermally s t a b l e  compounds of very low v o l a t i l i t y  (9 ) .  

T h i s  i o n i z a t i o n  source ,  which may be ope ra t ed  up t o  4OO0C, may t h u s  

The i o n i z a t i o n  e f f i c i e n c y  of our sources  is 5 x or h i g h e r ,  (10) which i s  
comparable t o  t h a t  of advanced e l e c t r o n  impact sou rces .  However, owing t o  t h e  
r e l a t i v e l y  l a r g e  a r e a  of our  i o n i z a t i o n  source,  t he  high energy of t h e  i o n s  produced, 
and t h e i r  d ive rgence ,  less t h a n  of t h e  i o n s  produced a r e  d e t e c t e d  a f t e r  mass 
s e p a r a t i o n .  The o v e r a l l  e f f i c i e n c y  o f  t he  p re sen t  gene ra t ion  of f i e l d  i o n i z a t i o n  mass 
spectrometers  i s  about  2 x ions/molecule f o r  i n s t rumen t s  with a magnetic s e c t o r  
a n a l y z e r  and a r e s o l u t i o n  of 700. 

S ince  most o r g a n i c  compounds have s i m i l a r  f i e l d  i o n i z a t i o n  e f f i c i e n c i e s  ( 6 ) ,  the 
. molecular  weight p r o f i l e  ob ta ined  by i n t e g r a t i n g  a l l  t h e  s p e c t r a  while  evapora t ing  

t h e  sample t o  complet ion t r u l y  r e p r e s e n t s  t h e  composition o f  t h e  mixture .  A number 
of examples of molecu la r  weight  p r o f i l e s  of d i f f e r e n t  coa l  l i q u e f a c t i o n  products  
have been p resen ted  e l sewhere  ( 9 ) .  These s p e c t r a  were ob ta ined  on o u r  mass spectrome- 
t r i c  system before it was i n t e r f a c e d  with a PDP-11 computer. I n  t h i s  mode of 
o p e r a t i o n ,  t h e  mass r ange  of interest was scanned r epea ted ly  and synchronized with a 
4096-multichannel a n a l y z e r  o p e r a t i n g  i n  the  m u l t i s c a l e r  mode ( 8 ) .  The instrument  
i n t e g r a t e s  t h e  s p e c t r a  produced i n  each scan i n t o  a composite mass spectrum. The 
i n t e g r a t i o n  over  time is necessa ry  because t h e  sample i s  evaporated slowly and the  
composition of t h e  vapor  phase changes because o f  t h e  wide range of v o l a t i l i t y  of 
the d i f f e r e n t  components. This f i e l d  i o n i z a t i o n  mass spec t romet r i c  system t h u s  
f a c i l i t a t e s  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  molecular  weight p r o f i l e s  of mix tu res  t h a t  
may c o n t a i n  c o n s t i t u e n t s  va ry ing  i n  t h e i r  vapor p re s su re  by many o r d e r s  of magnitude 
( e s t ima ted  range, 10") ove r  a mass range up t o  2000 amu wi th  a r e s o l u t i o n  o f  M/AM 
= 800. 
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Computer Con t ro l l ed  F I  Multicomponent Ana lys i s  

The publ ished f i e l d  i o n i z a t i o n  s p e c t r a  of c o a l  l i q u e f a c t i o n  p roduc t s  (9)  a r e  
j u s t  t h e  f i r s t  s t e p  i n  t h e  f u l l  u t i l i z a t i o n  of f i e l d  i o n i z a t i o n  mass spec t romet r i c  
multicomponent a n a l y s i s .  
a l though t h e  information i n  each  channel  i s  d i g i t i z e d ,  t h e s e  s p e c t r a  g i v e  US on ly  a 
means o f  v i s u a l  i n s p e c t i o n  of t h e  gross f e a t u r e  of t h e  s p e c t r a .  Accurate  mass 
assignment and t h e  i n t e g r a t e d  ion  coun t s  under  each peak a r e  l a c k i n g ,  and these  a r e  
necessary f o r  any d e t a i l e d  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of t h e s e  complex Spec t r a .  

These a r e  c h a r t  r eco rd ings  from a 4096-channel ana lyze r  and, 

W e  would a l s o  l i k e  t o  know t h e  "h i s to ry"  of each peak--the a c t u a l  r a t e  Of 

accumulation of t h e  i o n s  of a given nominal molecular  weight a s  a f u n c t i o n  Of t i m e  
and temperature  of t he  analyzed sample. This information i s  necessary f o r  e s t ima t ing  
t h e  number of m a t e r i a l s  of t h e  same nominal molecular  weight t h a t  c o n t r i b u t e d  t o  a 
given peak. Moreover, from t h e  temperature  p r o f i l e  o f  a given peak, it may be 
p o s s i b l e  t o  deduce whether some of t h e  c o n t r i b u t i n g  i o n s  o r i g i n a t e  from a chemical 
p rocess  ( e .g . ,  p y r o l y s i s ,  dehydrogenat ion)  t h a t  took p l a c e  i n  t h e  sample while t he  
sample probe was being hea ted .  Obtaining,  f o r  i n s t a n c e ,  a m a t e r i a l  w i th  a molecular  
weight of only 150 when t h e  probe temperature  r eaches  3OO0C sugges t s  t h a t  it may be a 
secondary p y r o l y t i c  decomposi t ion product .  The temperature  p r o f i l e  a n a l y s i s  may help 
u s  t o  d i s t i n g u i s h  between t h e s e  two p o s s i b i l i t i e s  and even determine t h e  a c t i v a t i o n  
energy f o r  t h e  appearance o f  t h e  given s p e c i e s .  

To achieve t h e s e  goa l s ,  w e  have i n t e r f a c e d  ou r  mass spec t romet r i c  system wi th  
a PDP 11/10 ded ica t ed  computer (Fig.  1 ) .  The computer c o n t r o l s  t h e  magnet s can  of 
t h e  mass spectrometer  by means o f  t h e  12-bi t  d ig i t a l - to -ana log  c o n v e r t e r  (DAC). The 
d a t a  a c q u i s i t i o n  program increments  t h e  i n p u t  t o  t h e  DAC a t  p r e c i s e l y  c o n t r o l l e d  
t i m e  i n t e r v a l s  so t h a t  each  channel  i s  r e c e i v i n g  i o n s  counted f o r  e x a c t l y  t h e  same 
amount of t ime. A t  t h e  end o f  each  t i m e  i n t e r v a l ,  t h e  computer causes  t h e  ion 
coun t s  accumulated by t h e  10-MHz c o u n t e r  t o  be t r a n s f e r r e d  t o  t h e  1 2 - b i t  b u f f e r  
r e g i s t e r .  The coun te r  i s  c l e a r e d  and r e s t a r t e d  i n  less than  one microsecond, so 
t h e  i n t e r f a c e  h a s  a n e g l i g i b l e  dead-time and no i o n  c o u n t s  a r e  missed. The DAC input  
i s  incremented by one u n i t ,  and t h e  i o n  count  i n  t h e  b u f f e r  i s  t r a n s f e r r e d  t o  t h e  
computer and added t o  the p rev ious  i o n  c o u n t s  f o r  t h a t  channel .  The t i m e  spen t  a t  
each channel ,  or i n  o t h e r  words, t h e  scan  r a t e  of t h e  mass spec t romete r ,  i s  v a r i a b l e  
and i s  c o n t r o l l e d  by t h e  o p e r a t o r  through t h e  d a t a  a c q u i s i t i o n  so f tware .  Actual  
t i m e  i n t e r v a l s  a r e  measured w i t h i n  t h e  computer by a programmable c l o c k  based on a 
very s t a b l e  q u a r t z  c r y s t a l  o s c i l l a t o r .  

The output  from t h e  DAC is  a l i n e a r  v o l t a g e  ramp, s i n c e  each  of the.'4096 
p o s s i b l e  channels  i s  a c t i v e  f o r  an  equa l  amount of time. Since t h e  mass of t h e  i o n s  
foaused on t h e  mass spec t romete r ' s  d e t e c t o r  v a r i e s  a s  t h e  squa re  r o o t  of t h e  
magnet c u r r e n t ,  t h e  magnet scan c o n t r o l  u n i t  i s  used t o  conve r t  t h e  l i n e a r  vo l t age  
ramp i n t o  a s i g n a l  t h a t  d r i v e s  t h e  magnet power supply t o  produce a l i n e a r  mass scan. 

The 12-bi t  ana log - to -d ig i t a l  c o n v e r t e r  (ADC) i s  connected t o  a temperature  
programmer f o r  t h e  s o l i d s  probe. A t  t h e  end o f  each mass spectrometer  scan,  t h e  
temperature  of t h e  probe i s  recorded f o r  l a t e r  u se  i n  t h e  p r i n t e d  r e p o r t s  o r  d a t a  
a n a l y s i s .  
program can be very p r e c i s e l y  reproduced t o  a l low meaningful comparisons between 
samples. Our experience i n d i c a t e s  t h a t  most pure compounds a r e  v o l a t i l i z e d  ove r  a 
narrow temperature  range of 10-30°C. 

Since t h e  temperature  programmer is d i g i t a l l y  d r i v e n ,  a given temperature  

Thus, s e p a r a t e  peaks w i l l  be observed i n  
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t h e  temperature  p r o f i l e  of a S i n g l e  mass i f  t h e r e  i s  more than  one component of t h e  
sample wi th  t h a t  p a r t i c u l a r  molecular  weight .  I t  is p o s s i b l e  t o  d i s t i n g u i s h  between 
genuine low molecular  weight  components of a sample and those  r e s u l t i n g  from t h e  
thermal  decomposition of much. la rger  molecules  because t h e s e  two d i f f e r e n t  t y p e s  of 
s p e c i e s  appear  a t  very d i f f e r e n t  temperatures .  Our experiments  show no i n d i c a t i o n  
of s i g n i f i c a n t  p y r o l y s i s  of Coal l i q u e f a c t i o n  products  or of c rude  o i l s .  

The r e p o r t  program produces r e p o r t s  l i s t i n g  t h e  masses and t o t a l  i o n  counts  
f o r  each  peak i n  t h e  spectrum. Two d i f f e r e n t  formats  a r e  a v a i l a b l e !  one i s  a 
simple t a b l e  of t h e  peak mass and i n t e n s i t y ,  and t h e  o t h e r  i s  t h e  same informat ion  
a r ranged  i n  a f i x e d  format  with 14  masses i n  each row. The advantage of t h i s  second 
format i s  t h a t  homologs a r e  a l l  l i s t e d  i n  t h e  same column, making it easy  t o  p i c k  
o u t  groups of peaks t h a t  may have s i m i l a r  chemical s t r u c t u r e s .  

The p l o t t i n g  program produces s imple b a r  graphs of t h e  mass s p e c t r a  on t h e  
X-Y recorder .  F u l l - s c a l e  i n t e n s i t y  is a r b i t r a r i l y  chosen a s  50 and t h e  e n t i r e  
spectrum is  a u t o m a t i c a l l y  s c a l e d ,  i f  necessary ,  by d i v i d i n g  a l l  peak i n t e n s i t i e s  
by an i n t e g e r .  F igure  2 i s  an  example of a spectrum p l o t  ob ta ined  i n  t h i s  manner. 
These s p e c t r a  a r e  e v i d e n t l y  s u p e r i o r  i n  q u a l i t y  t o  t h o s e  obta ined  wi th  t h e  mult i -  
channel  ana lyzers  (9). 

Addi t iona l  programs are a v a i l a b l e  f o r  performing s imple b u t  u s e f u l  d a t a  handl ing  
t a s k s .  These inc lude  programs f o r  l i s t i n g  on t h e  te rmina l  t h e  i o n  counts  i n  each  
channel  of a raw d a t a  f i l e  and a Program f o r  SUmIIing t h e  d a t a  i n  s e v e r a l  f i l e s  i n t o  
a composite spectrum. The l a t t e r  program i s  u s e f u l  f o r  o b t a i n i n g  t h e  molecular  
weight p r o f i l e  of a complex multicomponent mixture  by adding t o g e t h e r  a l l  the  
s p e c t r a  obtained from a sample. 

Addi t iona l  examples of t h e  types  of in format ion  c u r r e n t l y  a v a i l a b l e  from t h e  
combination of FIMS and t h e  PDP 11/10 computer a r e  shown i n  F i g s .  3a and 3b. The 
sample was f r a c t i o n s  1 and 2 of b a s i c  compounds from an H-coal product  and was 
provided t o  u s  by t h e  A t l a n t i c  R i c h f i e l d  Company. The e v o l u t i o n  of t h i s  spectrum a s  
a f u n c t i o n  of tempera ture  i s  presented  i n  F igs .  3a and 3b. T h i s  f i g u r e  p r e s e n t s  the  
p l o t t e d  spec t ra  i n t e g r a t e d  w i t h i n  t h e  d i f f e r e n t  temperature  ranges d u r i n g  the  
evapora t ion  of a s i n g l e  sample. 

The f i r s t  t h r e e  s p e c t r a  i n  F igure  3a show v o l a t i l e  components of t h e  sample 
t h a t  came off as soon a s  t h e  sample was introduced i n t o  t h e  mass spec t rometer .  When 
t h e  s i g n a l  produced by t h e s e  v o l a t i l e  m a t e r i a l s  began t o  d e c r e a s e ,  t h e  o p e r a t o r  
s t a r t e d  t h e  temperature  program, h e a t i n g  t h e  sample a t  about  2OC per  minute. 
h e a t i n g  r a t e  was i n c r e a s e d  twice  d u r i n g  t h e  run t o  main ta in  a reasonably high 
s i g n a l  a s  the less v o l a t i l e  components were being ana lyzed .  F i n a l l y ,  t h r e e  s p e c t r a  
were recorded a t  325OC, (Figure 3b)  which was t h e  f i n a l  probe temperature  f o r  t h i s  
sample. Weighing t h e  sample before  and a f t e r  a n a l y s i s  showed t h a t  94% of t h i s  
m a t e r i a l  was v o l a t i l i z e d .  

The 

These r e s u l t s  i l l u s t r a t e  t h e  v a s t  amount of in format ion  t o  be obta ined  by 
combining chemical s e p a r a t i o n s  wi th  nonfragmenting FIMS i n  t h e  a n a l y s i s  of coa l  
l i q u e f a c t i o n  products .  
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Figure 4 is  an example of a spectrum of a c rude  o i l  analyzed by t h e  computer i n  
t h e  same manner a s  t h e  samples presented i n  F i g u r e s  2 and 3. The only d i f f e r e n c e  
was t h a t  t h e  crude o i l  sample was "weathered" i n  t h e  probe a t  room t empera ture  to 
remove t h e  most v o l a t i l e  c o n s t i t u e n t s .  The same sample was analyzed 5 t imes t o  
a s s e s s  t h e  var iance  of t h e  a n a l y t i c a l  procedure.  F igure  5 p r e s e n t s  t h e  s tandard  
d e v i a t i o n  of each of t h e  mass peaks a s  a f u n c t i o n  of molecular  weight .  One can 
see  h e r e  t h a t  t h e  c o n s t i t u e n t s  b e l o w  250 amu have a h igh  var iance  due t o  i r reproduc-  
i b l e  preevaporat ion ("weathering") bu t  i n  t h e  mass range 250 t o  550, t h e  s tandard  
d e v i a t i o n  i s  i n  t h e  range of 3 t o  6%, which i s  very s a t i s f a c t o r y  f o r  such a complex 
a n a l y s i s .  I t  should be noted t h a t  even t h e  most abundant c o n s t i t u e n t s  i n  our  
complex mixture amount t o  j u s t  about 0.6% of t h e  t o t a l .  A t  h i g h e r  molecular  weights ,  
t h e r e  i s  an i n c r e a s e  i n  t h e  var iance  predominantly because of t h e  lower abundance 
of t h e s e  c o n s t i t u e n t s  and poss ib ly  a l s o  because of some i r r e p r o d u c i b l e  p y r o l y s i s  
or polymerizat ion of such minor components. The e f f e c t  of abundance on t h e  
v a r i a b i l i t y  of  t h e  i n d i v i d u a l  c o n s t i t u e n t s  can be seen  i n  F igure  6 which a l s o  
p r e s e n t s  t h e  t h e o r e t i c a l  lower l i m i t  of var iance  due t o  s t a t i s t i c a l  f l u c t u a t i o n s  of 
t h e  i o n s  counted.  The two l i n e s  "200" and "800" d e s i g n a t e  t h e  t h e o r e t i c a l  l i m i t  
f o r  t h e s e  two extreme c a s e s  of molecular  weights .  The l i m i t s  are d i f f e r e n t  because 
of t h e  d i f f e r e n c e  i n  t h e  monitor ing time p e r  amu d u r i n g  t h e  magnetic scanning.  The 
a c t u a l  var iance  i s  about 2 t o  3 t imes  h i g h e r  than  t h e  t h e o r e t i c a l  lower l i m i t .  This  
i s  f a i r l y  s a t i s f a c t o r y  i n  view of t h e  complexity of t h e  sample and t h e  a n a l y t i c a l  
procedure.  

F i e l d  Desorpt ion Experiments 

Two years  ago, w e  developed a t  SRI a novel type of f i e l d  desorb ing  source t h a t  
used a broken metal  t i p  (11) .  We have also shown t h a t  i o n i c  and o t h e r  p o l a r  
subs tances  f i e l d  desorb  more r e a d i l y  when d i s s o l v e d  i n  an  a p p r o p r i a t e  n o n v o l a t i l e  
mat r ix .  O u r  p re l iminary  tests on low molecular  weight hydrocarbon polymers were 
h ighly  encouraging (9). Recent ly ,  w e  have extended our experiments ,  u s i n g  broken 
g r a p h i t e  rods and bundles  of g r a p h i t e  rods  and bundles  of g r a p h i t e  f i b e r s  a s  f i e l d  
desorb ing  sources ,  with evan g r e a t e r  success .  We appl ied  t h e s e  sources  t o  t h e  
a n a l y s i s  of asphal tenes .  Figure 7 shows a f i e l d  d e s o r p t i o n  spectrum (obta ined  on a 
mult ichannel  ana lyzer )  of t h e  a s p h a l t e n e s  of SRC produced from I l l i n o i s  No. 6 c o a l .  
The spectrum was obta ined  from a g r a p h i t e  f i b e r  f i e l d  desorb ing  bundle a t  205OC. 

An example of a computer handled FD spectrum of a s p h a l t e n e s  (produced from 
Kentucky c o a l )  i s  presented  i n  F ig .  8 .  I n  o r d e r  t o  provide  a d i r e c t  comparison of 
t h e  c h a r a c t e r i s t i c s  of FD and FI s p e c t r a  c u r r e n t l y  a v a i l a b l e ,  F igures  8-12 show the  
raw d a t a  a s  i t  was acqui red  by t h e  Computer, r a t h e r  than  t h e  normal bar-graphs. 
The r e s o l u t i o n  of t h e  FD spectrum is i n f e r i o r  t o  t h a t  ob ta ined  by FI of t h e  same 
sample (Fig.  9), probably due t o  t h e  wider energy spread of t h e  f i e l d  desorbed ions ,  
a s  wel l  a s  t o  t h e  f l u c t u a t i n g  na ture  of t h e  FD i o n  beam. Note, however, t h e  
s i g n i f i c a n t  mass peaks a t  about  395 amu i n  t h e  FD spectrum which a r e  a b s e n t  i n  t h e  
FI spectrum. 
a s  shown i n  F igure  10. F igure  11 a-d p r e s e n t  FD s p e c t r a  i n  t h e  temperature  range 
160 t o  187OC. Comparison of t h e s e  s p e c t r a  with t h e  FI spectrum over  t h e  same 
temperature  range (Fig.  9) and over  a h i g h e r  temperature  range (F ig .  12)  shows t h a t  
under FD, one i o n i z e s  t h e  same c o n s t i t u e n t s ,  or o t h e r  compounds of comparable 
molecular  weight ,  a t  s i g n i f i c a n t l y  lower tempera tures .  The r e p r o d u c i b i l i t y  and 
r e s o l u t i o n  obtained by FD a r e ,  however, major l i m i t i n g  f a c t o r s  i n  t h e  a p p l i c a t i o n  of 

T h i s  f e a t u r e  appears  a g a i n  a t  somewhat h igher  tempera tures  (157-158OC) 
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t h i s  technique a s  a q u a n t i t a t i v e  way t o  c h a r a c t e r i z e  c o a l  products .  Some of t h e s e  
l i m i t a t i o n s  could be overcome by f o c a l  p lane  s imultaneous i o n  c o l l e c t i o n  techniques  
( e . g . ,  photoplate  mass spec t rography) .  

Summary 

W e  have shown t h a t  mass spec t romet r ic  multicomponent a n a l y s i s  techniques  a r e  
i d e a l  f o r  the  c h a r a c t e r i z a t i o n  of c o a l  l i q u e f a c t i o n  and f u e l  products .  These inc lude  
t h e  c a p a b i l i t y  of de te rmining  molecular  weight p r o f i l e s  up to  1000 amu with u n i t  
amu r e s o l u t i o n  and t h e  a b i l i t y  t o  o b t a i n  and record molecular  weight p r o f i l e s  a s  a 
f u n c t i o n  of sample tempera ture  d u r i n g  a temperature  programmed evapora t ion  of t h e  
analyzed sample. 

Combined w i t h  a p p r o p r i a t e  l i q u i d  chromatographic s e p a r a t i o n  techniques  or c e r t a i n  
f a s t  and q u a n t i t a t i v e  d e r i v a t i z a t i o n  procedures  t o  s e p a r a t e  c o a l  l i q u e f a c t i o n  products  
i n t o  f a m i l i e s  of compounds, advanced FIMS o f f e r s  an unprecedented,  p r e c i s e  and 
meaningful a n a l y t i c a l  methodology f o r  t h e  C h a r a c t e r i z a t i o n  of c o a l  products .  

The f i e l d  i o n i z a t i o n  technique descr ibed  i n  t h i s  paper  is not  y e t  p e r f e c t ,  and 
it r e q u i r e s  some f u r t h e r  development i n  t h e  a r e a s  of ins t rumenta t ion ,  sample 
pre t rea tment ,  and d a t a  handl ing .  However, t h e r e  is  s u f f i c i e n t  evidence t h a t  t h i s  
technique  can provide t h e  b a s i s  f o r  one of t h e  most comprehensive a n a l y t i c a l  
methodologies e v e r  a v a i l a b l e  t o  c o a l  r e s e a r c h .  
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FIGURE 4 VENEZUELAN OIL WEATHERED IN MASS SPECTROMETER 
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FIGURE 8 FIELD DESORPTION MASS SPECTRUM OF KENTUCKY SRC 
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FIGURE 10 FIELD DESORPTION MASS SPECTRUM OF KENTUCKY 
SRC ASPHALTENES, 157°-1580C 
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OXIDATIVE DEGRADATION STUDIES OF COAL AND SOLVENT REFINED COAL 

Ryo ich i  Hayatsu, Randall  E. Winans, Rober t  G. Sco t t ,  

Chemistry D i v i s i o n  
Argonne Na t iona l  Laboratory, Argonne, I l l i n o i s  60439 

Leon P. Moore, and M a r t i n  H. S t u d i e r  

INTRODUCTION 

The b u l k  o f  t h e  o rgan ic  ma t te r  i n  c o a l s  c o n s i s t s  of a macromolecular 
m a t e r i a l  o f  complex and v a r i a b l e  composi t ion.  Many workers have attempted 
t o  degrade coa ls  t o  s m a l l e r  molecules which cou ld  be i d e n t i f i e d  and i n t e r -  
p r e t e d  i n  terms o f  coa l  s t r u c t u r e .  
impor tan t  degradat ion methods. 
been used. Among these were HN03, HN03-KzCr~07, KMnOa, 02, HzOZ-03 and NaOC1, 
a l l  d r a s t i c  ox idants .  Because these reagents i n  general r e s u l t  i n  ex tens i ve  
r i n g  degradations, with benzene c a r b o x y l i c  ac ids  t h e  o n l y  aromat ic  compounds 
i d e n t i f i e d ,  they have been o f  l i m i t e d  usefu lness.  
compare the products  f rom d r a s t i c  ox idan ts  w i t h  more s e l e c t i v e  ones designed 
t o  break up t h e  macromolecules i n t o  i d e n t i f i a b l e  u n i t s  w i t h  a minimum of 
chemical change so t h a t  u n i t s  indigenous t o  coa ls  can be i d e n t i f i e d .  
found aqueous NazCr-207 t o  be s e l e c t i v e  and have repo r ted  a number of  p o l y -  
nuc lea r  aromatic u n i t s  which r e s u l t e d  from t h e  dichromate o x i d a t i o n  o f  a 
bituminous coa l  and which we b e l i e v e  t o  be ind igenous t o  t h e  coal  ( 1 ) .  We 
have explored a number o f  o x i d i z i n g  agents us ing  t h e  samples l i s t e d  i n  T a b l e l .  

Table 1 

Ox ida t i on  has been one o f  t h e  more 
To date a number o f  o x i d i z i n g  agents have 

Our approach has been t o  

We have 

Elemental Analyses o f  Samples (maf %)  

No. Sample C H N S 0 (by d i f f )  

L i g n i t e  (Sher idan Wyoming) 64.4 5.3 1.1 1.1 28.1 
Bituminous ( I l l i n o i s  
Seam #2) 77.8 5.4 1.4 2.1 13.3 
Bituminous ( P i t t s b u r g h  
Seam #8) 82.7 5.5 1.3 2.8 7.7 
An th rac i te  (Pennsylvania 
PSOC #85) 91.3 3.9 0.6 1.1 3.1 

SRC benzene-methanol e x t .  86.2 5.6 1.8 0.7 5.7 
Char 84.9 1.7 --- --- 
Svn the t i c  Polvmer ( f rom 

SRC ( f rom P i t t s b u r g h  Seam*#8) 87.2 5.5 1.8 1.2 4.3 

--- 

F; scher-TropGh) ( 2 )  80.0 5.1 1.3 0.0 13.6 
Polymeric M a t e r i a l  ( f rom 
Murchison M e t e o r i t e  ( 2 ) )  76.1 4.6 2.8 1.3 15.2 

.* 
The SRC was f r a c t i o n a t e d  i n t o  3 f r a c t i o n s  on t h e  bas i s  o f  s o l u b i l i t y :  hexane 
(4.5%), benzene-methanol m i x t u r e  (82.3%), p y r i d i n e  (11.8%) and a small  
res idue  (1.4%). 
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I n  a d d i t i o n  t o  f o u r  coa ls ,  a so l ven t  r e f i n e d  coal  (SRC) and two complete ly  
a b i o t i c  samples, t h e  s y n t h e t i c  F ischer-Tropsch polymer, and the  polymer f rom 
t h e  Murchison me teo r i t e ,  were used f o r  comparison and t o  t e s t  t h e  o x i d a t i o n  
methods. 

RESULTS AND DISCUSSION 

I d e n t i f i c a t i o n  o f  products :  I n  general t h e  products  o f  o x i d a t i o n  were 
c h i e f l y  c a r b o x y l i c  ac ids  which were e s t e r i f i e d  w i t h  diazomethane t o  i nc rease  
t h e i r  v o l a t i l i t y  f o r  e a s i e r  a n a l y s i s  by t i m e - o f - f l i g h t  mass spect rometry  
(TOFMS), a v a r i a b l e  temperature s o l i d  i n l e t ,  GC-TOFMS and h igh  r e s o l u t i o n  mass 
spectrometer (HRMS). 

w i t h  70% HN03 f o r  16-24 hours y i e l d i n g  a c l e a r  orange co lo red  s o l u t i o n .  
a c i d  so lu t i ons  were evaporated t o  dryness under reduced pressure and t h e  
res idue  weighed. 
s o l i d  probe. 
molecular  i ons  and fragments, i n  p a r t i c u l a r  (M-OCH3)+, were used f o r  iden- 
t i f i c a t i o n .  I n  F igu re  1 a r e  summarized t h e  data f o r  benzene c a r b o x y l i c  
ac ids  (as t h e i r  methyl e s t e r ) .  The s y n t h e t i c  sample had been prepared by 
hea t ing  CO, Hz and NH3 w i t h  an Fe-Ni c a t a l y s t  a t  200°C f o r  s i x  months ( 2 ) .  
I t  was a macromolecular m a t e r i a l  i n s o l u b l e  i n  o rgan ic  so lvents ,  HC1, HF 
and KOH. Despi te  t h e  d r a s t i c  n a t u r e  o f  t h e  n i t r i c  a c i d  o x i d a t i o n  i t  appears 
t h a t  usefu l  i n f o r m a t i o n  can be obta ined by t h e  procedure. For example t h e  
y i e l d  o f  t o t a l  ac ids  and the  number o f  c a r b o x y l i c  a c i d  groups pe r  benzene 
r i n g  seem c o r r e l a t e d  w i t h  ;he degree o f  condensat ion o f  the o r i g i n a l  m a t e r i a l .  
The spect ra f rom t h e  s y n t h e t i c  sample f rom t h e  Fischer-Tropsch r e a c t i o n ,  and 
from char a r e  r e l a t i v e l y  s imple c o n s i s t i n g  p r i m a r i l y  o f  t he  benzene carboxy- 
l i c  a c i d  es te rs  w i t h  f rom two t o  s i x  e s t e r  groups. 
coal  der ived products  (except  f o r  cha r )  a r e  more complex and con ta ined  n i t r o  
s u b s t i t u t e d  e s t e r s  and p y r i d i n e  d e r i v a t i v e s .  Note t h e  s i m i l a r i t y  between t h e  
syn the t i c  sample and t h e  char  prepared from I l l i n o i s  b i tuminous coa l  by 
hea t ing  under vacuum t o  800°C. The abundance o f  t h e  benzene hexacarboxy l ic  
a c i d s  f o r  these two suggest a h igh  degree o f  condensation i n  the o r i g i n a l  
samples. The s i m i l a r i t y  i n  d i s t r i b u t i o n  o f  t h e  o x i d a t i o n  products  from the  
two bituminous coa ls  ( t h e  I l l i n o i s  and P i t t s b u r g h )  i s  s t r i k i n g .  The s o l v e n t  
r e f i n e d  coal  de r i ved  f rom t h e  P i t t s b u r g h  #8 coal  i s  shown l a t e r  (F igu re  3, 
Table 2 )  t o  have a h ighe r  degree o f  aromat ic  r i n g  condensation than i t s  feed 
coa l .  Thus i t  i s  s u r p r i s i n g  t o  see t h e  s h i f t  t o  fewer ac id  groups f o r  SRC. 
Th is  may mean t h a t  many a l i p h a t i c  c r o s s l i n k s  were dest royed i n  t h e  SRC p ro -  
cess and evolved as l i g h t  hydrocarbons. 

The r e s u l t s  f rom t h e  m e t e o r i t i c  polymer ( n o t  shown i n  F igu re  1 )  were 
ve ry  s i m i l a r  t o  those o f  t h e  s y n t h e t i c  polymer. 

Sodium dichromate o x i d a t i o n :  I n  general 1-3 g o f  sample was heated a t  
250°C f o r  36-40 hours w i t h  excess Na2Cr207 (60-120 m l  o f  0.4 - 0.6 bJ) w i t h  
s t i r r i n g .  Th is  procedure o x i d i z e s  s i d e  chains and a l i c y l i c  appendages t o  
po lynuclear  aromat ic  systems w i t h  a minimum o f  degradat ion o f  aromat ic  r i n g s  
( 3 ) .  We have found t h a t  model compounds a r e  o x i d i z e d  i n  h i g h  y i e l d s  (78- 
95%) Samples 1, 2, 3, 4, 6, and 
9 were ox id i zed  w i t h  Na2Cr207 w i t h  a h i g h  degree o f  convers ion t o  s o l u b l e  o r  

N i t r i c  Ac id Ox ida t i on :  A l l  samples o f  Table 1 except  #6 were r e f l u x e d  
The 

The methy lated ac ids  were analyzed by GC-MS, HRMS and the  
Fragmentation p a t t e r n s  and p r e c i s e  mass de te rm ina t ion  o f  bo th  

The coal  samples and 

t o  t h e i r  corresponding c a r b o x y l i c  ac ids .  
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v o l a t i l e  compounds (70-100%). 
o f  t h e  weight  o f  t h e  o r i g i n a l  samples. The a n t h r a c i t e  a l s o  y i e l d e d  17% o f  a 
humic a c i d  t ype  m a t e r i a l  o f  h i g h  mo lecu la r  weight  s o l u b l e  i n  a l k a l i n e  so lu -  
t i o n .  I n  F igu re  2 a r e  shown g r a p h i c a l l y  t h e  r e l a t i v e  abundances o f  aromat ic  
and heteroaromat ic  u n i t s  produced by t h e  d ichromate o x i d a t i o n  o f  t h r e e  coa ls  
(samples 1, 2 and. 4 ) .  I t  i s  obv ious t h a t  t h e  degree o f  aromat ic  condensation 
increases w i t h  rank o f  coa l  f rom l i g n i t e  t o  b i tuminous t o  a n t h r a c i t e .  The 
NazCr207-aq o x i d a t i o n  procedure has been quest ioned because o f  t h e  p o s s i b i l i t y  
t h a t  major s t r u c t u r a l  rearrangement w i t h  p y r o l y t i c  f o rma t ion  o f  po lynuclear  
aromat ic  compounds m i g h t  occur  d u r i n g  t h e  r e a c t i o n  a t  25OOC (4 ) .  The f a c t  
t h a t  no polynuclear  aromat ic  compounds w i t h  more than two fused r i n g s  were 
detected i n  t h e  o x i d a t i o n  products  o f  l i g n i t e  (sample 1) and t h a t  t h e  degree 
o f  condensation i nc reases  w i t h  rank  o f  coa l  i s  i n t e r n a l l y  c o n s i s t e n t  and 
suggests t h a t  condensat ion d u r i n g  o x i d a t i o n  w i t h  Na2Cr207 i s  minimal. 
b lank  experiment b i tuminous coa l  (sample #2 )  which had been e x t r a c t e d  w i t h  
an organic  s o l v e n t  t o  remove t rapped compounds was heated a t  250°C f o r  40 
hours w i t h  water. An i n s o l u b l e  res idue  96.2% and ino rgan ic  s a l t s  2.9% were 
obta ined.  Mass a n a l y s i s  o f  t h e  res idue  was i n d i s t i n g u i s h a b l e  f rom t h a t  o f  
t h e  o r i g i n a l  coa l  and t h e  H/C r a t i o  was unchanged. 
p y r o l y s i s  s tud ies  o f  t h e  coal  showed no evidence o f  s i g n i f i c a n t  thermal 
decomposit ion u n t i l  heated above 250°C. 

The gas chromatograms o f  t he  o x i d a t i o n  products  (as methyl e s t e r s )  from 
t h e  P i t t sbu rgh  coal  (sample 3 )  and i t s  SRC (benzene methanol ext ract -sample 
6) a re  shown i n  F igu re  3. The numbered peaks a r e  i d e n t i f i e d - i n  Table 2. A 
g rea te r  degree o f  a romat i c  condensat ion o f  t h e  SRC e x t r a c t  over t h a t  o f  i t s  
feed coal i s  observed. For example, naphthalene and phenanthrene r i n g s  a r e  
much more abundant i n  t h e  SRC. 
h e t e r o c y c l i c  t o  have s u r v i v e d  t h e  SRC process. 

product  o f  t h e  m e t e o r i t e  polymer: 
threne, f l uo ran thene  ( o r  pyrene), chrysene, f luorenone,  benzophenone, 
anthraquinone, d ibenzofuran,  benzothiophene, dibenzothiophene, p y r i d i n e ,  
q u i n o l i n e  o r  i s o q u i n o l i n e  and ca rbazo le  ( 2 ) .  
genera l l y  accepted i d e a  t h a t  t h e  polymer ic  m a t e r i a l  i n  me teo r i t es  has a 
h i g h l y  condensed a romat i c  s t r u c t u r e  (2, 5, 6)  and g i ves  us conf idence i n  t h e  
dichromate o x i d a t i o n  procedure. 

Photochemical o x i d a t i o n s :  O x i d a t i o n  by a i r  bubb l i ng  through an aqueous 
HC1 s o l u t i o n  w h i l e  i r r a d i a t i n g  w i t h  u l t r a v i o l e t  l i g h t  from a h i g h  pressure 
mercury lamp was i n v e s t i g a t e d .  I n  Table 3 a r e  shown t h e  r e s u l t s  obta ined 
w i t h  model compounds. 
t h a t  aromatic hydrocarbons a r e  r e a d i l y  o x i d i z e d  t o  benzene c a r b o x y l i c  ac ids.  
On t h e  o t h e r  hand N-he te rocyc l i cs  r e s i s t  o x i d a t i o n .  I n  Table 4 a re  l i s t e d  
t h e  aromatic c a r b o x y l i c  ac ids  i s o l a t e d  f rom a b i tuminous coa l  (sample 2)  
a f t e r  photochemical o x i d a t i o n .  The products  from l i g n i t e  (sample #1 )  were 
p r i m a r i l y  benzene c a r b o x y l i c  ac ids  w i t h  o n l y  t r a c e s  o f  p y r i d i n e  t r i c a r b o x y l i c  
a c i d s  and xanthone d i -  and t r i c a r b o x y l i c  ac ids .  Several a l i p h a t i c  c a r b o x y l i c  
a c i d s  were i d e n t i f i e d  ( a f t e r  me thy la t i on )  i n  t h e  pho to -ox ida t i on  product  o f  
bituminous by TOF v a r i a b l e  temperature s o l i d  i n l e t  and HRMS. 
methyl es te rs  o f  malonic  ac id ,  s u c c i n i c  a c i d ,  g lu tamic  a c i d  and sa tu ra ted  
monocarboxyl ic ac ids  (CH3-(CHz)n-COOCH3 n = 1-7). 

The y i e l d s  o f  s o l u b l e  compounds were 50-70% 

I n  a 

Furthermore, d e t a i l e d  

The d ibenzofuran r i n g  i s  t h e  most abundant 

F i f t een  aromat ic  r i n g  systems were i d e n t i f i e d  i n  t h e  Na2Cr207 o x i d a t i o n  
benzene, b ipheny l ,  naphthalene, phenan- 

These da ta  suppor t  t he  

From t h e  r e s u l t s  w i t h  t h e  model compounds it appears 

They a r e  

The fragments f o r  3-methyl 
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C Peak Number o f  
Number -COOCH3 

1 
5 

10 
4 
2 
8 

16 

13 
20 

19 

11 

R e l a t i v e  Abundance 

SRC E x t r a c t  Coal 
(5  15X)b 

12 

18 

6' 
9d 

Benzene 

Biphenyl 
Naphthalene 

Phenanthrene 

PyrenelFluoranthene 

F1 uorenone 

Anthraquinone 

D i  benzofuran 

Xanthone 

Benzothiophene 
Dibenzothiophene 

P y r i d i n e  
Carbazole 

Benzoquinol i n e / A c r i d i  ne 

2 
3 
4 
1 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
1 
2 
3 
1 
2 
1 
2 
3 
1 
2 
3 
1 
1 
2 
3 
1 
2 
1 
2 
3 

100 
58 

9 
3 

47 
82 
24 

7 
82 

8,25 
5 

1 ( T I  
7 
4 
4 
3 
3 

26 
3 

32 
9 

10 
4 
6 

2 0 )  --- 
2 

--- 
--- 

4 
3 
3 
5 
2 

100 
29 
10 
9 

30 
29 
8 
3 

28 
8 
7 

3 
2 
8 
2 

4 

21 
4 
4 
9 
7 
3 
4 
8 
5 

5 ( T I  
3 
4 
7 
4 
2 

11 
22 

--- 

--- 
--- 



Table 2 (Footnotes)  

a92% o f  t h e  e x t r a c t  was o x i d i z e d  and t h e  y i e l d  o f  t o t a l  a c i d i c  and non-ac id i c  
l e s s  v o l a t i l e  compounds was %59%. 
ox id ized;  Y i e l d  o f  t o t a l s  was %58%. 

For the  feed coa l ,  84% o f  t h e  coa l  was 

bBenzene d i c a r b o x y l i c  a c i d  methy l  e s t e r  i s  normal ized t o  100. 

‘Peak no. 6 i s  t e n t a t i v e l y  i d e n t i f i e d  as tr imethoxyxanthone. 

dPeak no. 9 shows prominent  mass i ons  a t  216 and 215. HRMS shows t h e i r  
elemental composi t ion corresponding t o  C ~ Z H I ~ O ~ N ,  C12H903N or C9H1206, 
CqHl1O6. I d e n t i f i c a t i o n  has n o t  been made a t  t h i s  present  t ime. 

T = i d e n t i f i c a t i o n  t e n t a t i v e ;  --- - - n o t  detected;  x = peak cons is t s  o f  more 
than one component which a r e  d i f f i c u l t  t o  i d e n t i f y  by GC-MS. 

I t a l i c s  i n d i c a t e  t h a t  i d e n t i f i c a t i o n  and e s t i m a t i o n  o f  r e l a t i v e  abundances 
were made by TOF v a r i a b l e  temperature s o l i d  i n l e t  and HRMS, because o f  d i f -  
f i c u l t y  o f  i d e n t i f i c a t i o n  by GC-MS. 

Table 3 
Photochemical Ox ida t i on  o f  Model Compounds 

* 

Compound Unreacted’ 1 ( % I  
p-c reso l  
a n i s o l e  
naphthalene 
I, 4-diMe-naphthaZene 
2,6-diMe-naphthalene 
indane 
f 1 uorene 
acenaphthene 
phenanthrene 
pyrene 
d i  benzofuran 
xanthone 
dibenzothiophene 
carbazole 
N-Et-carbazol e 
po Zy (2-vinytpyridine) 
-poZgstpene potgmer 
*The o x i d a t i o n  was c a r r  

0 
0 
8 
5 
7 
3 
8 

10 
24 
12 
32 
78 
43 
78 
83 

8 

ed o u t  i n  

§ Major Ox ida t i on  Products 

un iden t .  smal l  species, polymer 
un iden t .  smal l  species, polymer 
p h t h a l i c  a c i d  
p h t h a l i c  a c i d  
benzene-1,2,4-tricarboxylic a c i d  
p h t h a l i c  a c i d  
f l  uorenone 
p h t h a l i c ,  naphthalene-1,8-dicarboxylic ac ids  
p h t h a l i c  ac id ,  phenanthrene-9,lO-di ketone 
benzene tri- and te t raca rboxy l  i c  ac ids  
s tyrene,  sa l  i c y c l  i c  a c i d  
u n i d e n t i f i e d  c h l o r o  compounds 
s tyrene,  t h i  ophenol 
polymer 
 DO^ m e r  
pyGd ine -2 -ca rboxy l  i c ,  pyr id ine-2-a ldehyde,  
benzoic, malonic ,  and succ in i c  a c i d s  
0% aq. HC1 s o l u t i o n  f o r  6-10 days. 

tVa lues  a r e  accu ra te  t o  + lo%.  
SAfter p r e l i m i n a r y  separs t i on  i n t o  a c i d i c ,  n e u t r a l ,  and bas i c  f r a c t i o n s ,  p ro -  
duc ts  were i d e n t i f i e d  by TOFMS w i t h  v a r i a b l e  temperature s o l i d  i n l e t .  Except 
f o r  t he  f i r s t  two samples and t h e  two carbazoles,  a l l  i d e n t i f i c a t i o n s  were 
checked by h i g h - r e s o l u t i o n  MS. For  t h e  i t a l i c i z e d  samples, GC-MS was used as 
w e l l ,  a f t e r  e s t e r i f i c a t i o n  o f  t h e  product .  

A l l  major  p roduc ts  were accompanied by l e s s e r  amounts o f  t h e i r  mono- 
c h l  o r 0  d e r i v a t i v e s .  
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Table 4. Footnotes 

aSome p r e l i m i n a r y  r e s u l t s  were repo r ted  e a r l i e r  (1) .  I d e n t i f i c a t i o n  based on 
TOF v a r i a b l e  temperature s o l i d  i n l e t ,  GC (Carbowax 20 M)-TOFMS and h i g h  
r e s o l u t i o n  MS. 

R e l a t i v e  bBenzene t r i c a r b o x y l i c  a c i d  methyl e s t e r  i s  normal ized t o  100. 
abundances were es t ima ted  f rom t h e  GC and an i n t e g r a t i o n  o f  t he  base peak 
o f  each compound d u r i n g  t h e  t ime  t h a t  t h e  sample was complete ly  v o l a t i l i z e d  
i n  t h e  MS. 
CMonochlorobenzene c a r b o x y l i c  a c i d s  were always ob ta ined  when coa l  o r  model 

compounds were o x i d i z e d  i n  10% HC1 aq. s o l u t i o n .  
o t h e r  aromatics were a l s o  observed i n  ve ry  low y i e l d .  

Na2CrZO7-oxidation ( l ) ,  w h i l e  pho to -ox ida t i on  produced d ibenzofuran carboxy- 
l i c  ac ids i n  low y i e l d .  
dest royed most o f  t h e  d ibenzofuran r i n g .  

Ch lo roca rboxy l i c  a c i d s  o f  

d R e l a t i v e l y  l a r g e  amounts o f  dibenzofurans were found t o  be produced by 

Perhaps t h i s  shows the  photochemical procedure 

eFor p y r i d i n e  d i c a r b o x y l i c  ac id ,  o n l y  c h l o r o d e r i v a t i v e s  were found. 

fThe prev ious es t ima tes  o f  r e l a t i v e  abundances ( 1 )  were somewhat h igh .  

gThe products o f  l i g n i t e  pho to -ox ida t i on  i n  5% KOH aq. s o l u t i o n  were very 

hPolynuclear aromat ic  c a r b o x y l i c  ac ids  such as naphthalene and phenanthrene 

s i m i l a r  t o  those shown i n  t h i s  Table. 
benzene c a r b o x y l i c  ac ids  were i d e n t i f i e d .  

found i n  t h e  Na2Cr207 o x i d a t i o n  product  (see F ig.  2 )  a r e  n o t  observed i n  t h i s  
product .  
compounds a r e  o x i d i z e d  by t h e  present  procedure. 

I n  a d d i t i o n  some mono- and d ime thy l -  

From ou r  model experiments, we have found t h a t  these a romat i c  

T = i d e n t i f i c a t i o n  t e n t a t i v e .  

and 3,3-dimethyl a l i p h a t i c  c a r b o x y l i c  a c i d  methyl e s t e r s  were a l s o  seen i n  
t h e  mass spect ra.  
o f  1 i g n i t e .  

experiments desc r ibed  above aromat ic  u n i t s  w i t h  pheno l i c  groups would have 
been destroyed. 
m i x t u r e  under m i l d  c o n d i t i o n s  o x i d i z e s  humic ac ids  w h i l e  p rese rv ing  phenols. 
Us ing t h i s  procedure we have o x i d i z e d  l i g n i t e  (sample #1)  and b i tuminous coal  
(sample #2 )  w i t h  ove r  80% convers ion t o  methanol s o l u b l e  ac ids  and have 
methy lated t h e  a c i d s  produced. 

f rom l i g n i t e  i s  shown i n  F igu re  4. 
pounds was made by c o i n c i d e n t  MS and HRMS o f  t h e  m i x t u r e .  
i d e n t i f i e d  gave t h e  f o l l o w i n g  approximate d i s t r i b u t i o n :  
methyl-benzene, 22.1% methoxy-benzene, 15.9% f u r a n  and 18.2% d i b a s i c  a l i -  
pha t i c .  For  t h e  b i tuminous coal  t h e  methoxy d e r i v a t i v e s  were h a l f  as abun- 
dant. 
o f  t h e  bituminous c o a l .  

A s i m i l a r  obse rva t i on  was made f o r  t h e  o x i d a t i o n  product  

Hydrogen Perox ide-Acet ic  Ac id:  It i s  probable t h a t  i n  the o x i d a t i o n  

S c h n i t z e r  e t  a l .  (7)  have shown t h a t  an a c e t i c  acid-H202 

The gas chromatogram o f  t he  aromat ic  p o r t i o n  o f  t h e  methy lated product  
The i d e n t i f i c a t i o n  o f  i n d i v i d u a l  com- 

The methy l  e s t e r s  
36.1% benzene, 7.6% 

These r e s u l t s  suggest t h a t  t h e  l i g n i t e  has t w i c e  the  pheno l i c  con ten t  
It i s  i n t e r e s t i n g  t o  no te  t h a t  methyl f u r a n  
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t e t r a c a r b o x y l a t e  has been i d e n t i f i e d  and o t h e r  f u r a n  d e r i v a t i v e s  have been 
t e n t a t i v e l y  i d e n t i f i e d ,  

I t  appears t h a t  t h e  c o a l s  a r e  a c t i n g  as c a t a l y s t s  f o r  t h i s  o x i d a t i o n .  
I f  2,6-dimethylnaphthalene i s  reacted w i t h  H202 under t h e  same c o n d i t i o n s  as 
used f o r  t h e  coals ,  o n l y  2,6-dimethylnaphthaquinone i s  i s o l a t e d  i n  e s s e n t i a l l y  
q u a n t i t a t i v e  y i e l d .  Wi th  t h e  a d d i t i o n  o f  a small  amount o f  l i g n i t e  t o  t h e  
reac t i on ,  5-methyl p h t h a l i c  a c i d  i s  obta ined as t h e  major product .  A lso no 
hydroxy lated benzene c a r b o x y l i c  ac ids  were i s o l a t e d  which i n d i c a t e s  t h a t  
t h i s  procedure does n o t  hyd roxy la te  aromat ic  r i n g s .  T r a n s i t i o n  meta ls  a r e  
known t o  ca ta l yze  r e a c t i o n s  o f  hydrogen perox ide.  P a r t  o f  t h e  c a t a l y t i c  
e f f e c t  may be due t o  t h e  m ine ra l  m a t t e r  i n  t h e  coa l .  

No polyhydroxy1 benzene c a r b o x y l i c  ac ids  have been observed i n  t h e  
products  from e i t h e r  coal .  
r i n g  o x i d a t i o n  and subsequent degradation. 
coal  o f  these species i s  probably  smal l .  
ve ry  r e a c t i v e  and probably  would n o t  s u r v i v e  t h e  c o a l i f i c a t i o n  process. 
We have examined aqueous NaOH e x t r a c t  o f  t he  Wyoming l i g n i t e .  Numerous 
hydroxy lated aromat ic  hydrocarbons and aromat ic  ac ids  were i d e n t i f i e d ,  b u t  
no polyhydroxy lated species were detected.  

It i s  expected t h a t  these species would undergo 
However, t h e  concen t ra t i on  i n  

These compounds a r e  expected t o  be 

Sodium Hypoch lo r i t e  Ox ida t i on :  On t h e  bas i s  o f  r e s u l t s  o f  o x i d a t i o n  o f  
coa l  w i t h  NaOC1, Chakrabar t ty  e t  a l .  have suggested t h a t  coa l  has a non- 
aromatic " t r i c y c l o a l  kane o r  polyamantane" s t r u c t u r e  (8). They p o i n t e d  o u t  
t h a t  no evidence f o r  aromat ic  compounds o t h e r  than benzene d e r i v a t i v e s  was 
found i n  t h e i r  o x i d a t i o n  product .  The s p e c i f i c i t y  o f  NaOCl as an o x i d a n t  
has been questioned (9)  and i s  s t i l l  i n  d i s p u t e  (10) .  
r e s o l v e  t h e  quest ion and have o x i d i z e d  samples 6, 9, and 2,6-dimethyl 
naphthalene under c o n d i t i o n s  descr ibed by Chakrabar t ty  e t  a l .  (8, 10, 11 ) .  
O f  p a r t i c u l a r  i f t e r e s t  i s  t h e  o x i d a t i o n  o f  t h e  polymer ic  m a t e r i a l  f rom t h e  
Murchison m e t e o r i t e  (sample 9 ) .  Numerous s tud ies  have shown t h i s  m a t e r i a l  
t o  be a h i g h l y  condensed aromat ic  s t r u c t u r e .  
accord ing t o  the  method o f  Chakrabar t ty  e t  a l .  
by NaOCl o x i d a t i o n  a t  60°C f o r  3-4 hours almost no o x i d a t i o n  was observed 
f o r  n i t r a t e d  samples 6 (SRC) o r  9 (me teo r i t e )  w h i l e  26% o f  n i t r a t e d  d ime thy l  
naphthalene was conver ted t o  benzene c a r b o x y l i c  ac ids  and t h e i r  n i t r o  and/or  
methy l  d e r i v a t i v e s .  No naphthalene ac ids  were detected.  When t h e  r e a c t i o n  
was cont inued f o r  15 hours, a t  65-70°C 57% o f  sample 9 and 42% o f  sample 6 
were ox id i zed  t o  water s o l u b l e  ac ids .  Polynuclear  aromatic and h e t e r o c y c l i c  
a c i d s  were n o t  detected i n  t h e  o x i d a t i o n  products  o f  e i t h e r  sample a l though  
bo th  are h i g h l y  aromatic. Benzene c a r b o x y l i c  ac ids  were the  major  products  
( n i t r o  and/or methyl d e r i v a t i v e s  and a methyl c h l o r o  d i c a r b o x y l i c  a c i d ) .  
Apparently po lynuclear  aromat ic  systems were dest royed and t h e  p roduc t  d i s -  
t r i b u t i o n  c l o s e l y  resembled t h a t  from a n i t r i c  a c i d  ox ida t i on .  Obvious ly  
more work i s  needed t o  c l a r i f y  t h e  r o l e  o f  NaOCl i n  t h e  o x i d a t i o n  o f  c o a l .  

We a r e  a t tempt ing  t o  

A l l  samples were n i t r a t e d  
When n i t r a t i o n  was f o l l o w e d  
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Figure 1. 
methyl es ters ,  produced by n i t r i c  acid oxidation. n = number of (COOCH,) 
groups per benzene ring. 

Abundances (%) of benzene carboxylic acids,  determined as their 
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Relative abundances of aromatic and heteroaromatic units produced 

166 



cr 

13 

I 

a 

8, IO, I I 

TIME,rnin 50 40 30 20 IO 
TEMP, "C *-- 250 220 180 140 

Figure 3. 
SRC benzene-methanol extract (a) and its feed coal, Pittsburgh 
Separations were made on an OV-101 SCOT column. 

Gas chromatograms of methylated Na2Cr20, oxidation products of 
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PHENOLS AS CHEMICAL FOSSILS IN COALS 

J .  Bimer 
by 

I n s t i t u t e  of Organic Chemistry, Polish Academy of Sciences, Warsaw, Poland, 
P. H .  Given and Swadesh Raj 

Fuel Science Sect ion,  Material Sciences Department 
Pennsylvania S t a t e  University, University Park, Pa .  16802, U.S.A. 

Introduction 

I t  i s  generally considered t h a t  v i t r i n i t e ,  the principal maceral i n  most 
Hence l ign in  should be one 

The purpose of t h i s  paper i s  t o  report  w h a t  we bel ieve t o  be 

coa ls ,  represents coa l i f ied ,  par t ly  decayed wood. 
of the important precursors t o  the v i t r i n i t e s  i n  coals. Accordingly, i t  would 
be in te res t ing  t o  know whether any chemical f o s s i l s  re la ted t o  l ign in  could be 
found in coals .  
a successful search f o r  such f o s s i l s .  The experimental approach exploi ted a 
degradation reaction developed i n  a study of s o i l  humic acids by Burges e t  a1 . l  

This react ion involves a reduction degradation w i t h  sodium amalgam and 
hot water. Thin layer  chromatography of the e ther  soluble  par t  of the product 
( y i e l d ,  about 20%) showed the presence of a number of phenols and phenolic 
ac ids ,  most of whose s t ruc tures  bore obvious relat ionships  t o  known microbial 
and chemical degradation products of l ignin ( I )  b u t  some t o  the  A r ing of f l a -  
vonoids (11). 

R. OH 

I 
OH OH 

where R1 = COOH, CHO, -CH=CH-COOH, -CH-CO-COOH, e t c . ;  R 2  = H or  OCH3 o r  OH; 
R3 = H or OCH3 o r  OH.  
o r  3 carbon atoms, i n  various s t a t e s  of oxidation. Burges e t  a l .  therefore  
Concluded t h a t  the humic acids  they studied were condensates of phenolic com- 
pounds from the degradation of plant  products w i t h  amino acids  ( see  a l s o  Flaig ) .  

Humic acids  can be extracted from peats and l i g n i t e s  b u t  n o t  from b i t u m -  
inous coals. 
acid generates in  high y ie ld  (80-110% by weight) mater ia ls  t h a t  c lose ly  resemble 
humic acids3. 
while on leave of absence from his  I n s t i t u t e ,  the  Burges reductive degradation 
was applied t o  humic acids  extracted from some peats and l i g n i t e s ,  and produced 
by oxidation of a number of bituminous coals .  
products were made by gas chromatography with co-inject ion of s tandards,  b u t  
a t  t h a t  time f a c i l i t i e s  were only ra re ly  avai lable  t o  permit confirmation by 
mass spectrometry. 
by another of the authors (S.R.) ,  who a l s o  studied a wider range of coals  ( t o -  
t a l l i n g  43 samples). 

I t  i s  proposed in t h i s  preliminary publication t o  describe the experimental 
procedures and t o  give a s u f f i c i e n t  se lec t ion  of the data t o  show w h a t  was found 
by co-injection and l a t e r  confirmed by mass spectrometry. 

The R1 group may represent a s ide  chain of 1 ,  2 ( r a r e l y )  

However, oxidation of bituminous coals w i t h  aqueous performic 

In preliminary s tudies  performed some years ago by one of us (J.B.) 

A number of i d e n t i f i c a t i o n s  of 

. 
Such confirmation has been more f u l l y  obtained recent ly  
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The major  c o a l  measures of t he  Un i ted  States were l a i d  down e i t h e r  i n  
t h e  Carboniferous e r a  (ca. 300 in. years B.P.), o r  i n  the  Cretaceous and Ter- 
t i a r y  (130-60 m. y e a r s  B.P.). Between these two e ras  a g r e a t  dea l  o f  evolu-  
t i o n  occurred i n  t h e  p l a n t  kingdom; associated w i t h  t h i s  were some changes 
i n  t h e  na tu re  o f  groups R2 and R3 i n  s t r u c t u r e  I above. 
s t a t e d  the  f a c t ,  we need n o t  pursue t h i s  m a t t e r  here. 

However, hav ing 

Ex per imenta 1 

Humic a c i d s  were e x t r a c t e d  from peats and l i g n i t e s  w i t h  0.5N sodium 

The o x i d a t i o n  o f  coa ls  w i t h  aqueous pe r fo rm ic  a c i d  i s  h i g h l y  exothermic. 

hydrox ide f o l l o w i n g  s tandard procedures. 

F i v e  gm o f  coal  was d ispersed i n  50 m l  o f  anhydrous f o r m i c  ac id ,  and 50 m l  
o f  30% hydrogen pe rox ide  was added i n  2 m l  p o r t i o n s  a t  such a r a t e  t h a t  t h e  
temperature d i d  n o t  exceed 55°C 
f o r m i c  a c i d  suspension was cooled i n  i c e  d u r i n g  t h e  a d d i t i o n  o f  H202). The 
m i x t u r e  was then a l l o w e d  t o  s tand a t  room temperature w i t h  s t i r r i n g  f o r  24 
hours. The washed and d r i e d  s o l i d  product  was e x t r a c t e d  w i t h  1N NaOH under 
n i t r o g e n  and c e n t r i f u g e d .  
t o  pH 1. The washed and d r i e d  humic ac ids  were red i sso l ved  i n  a l k a l i  and, 
f o l l o w i n g  t h e  procedure o f  Burges e t  a l . 1 ,  t r e a t e d  w i t h  3% sodium amalgam 
w h i l e  the s o l u t i o n  was heated i n  an o i l  bath a t  110-115" f o r  4-5 hours. 

(however, i n  t h e  e a r l i e r  phase,the coa l /  

The e x t r a c t  was p r e c i p i t a t e d  by a c i d i f i c a t i o n  

A f t e r  removal o f  mercury, t h e  r e s u l t i n g  s o l u t i o n  was a c i d i f i e d  t o  pH 1 
and cen t r i f uged ;  t h e  supernatant  was c a r e f u l l y  removed and t h e  res idue  ex- 
t r a c t e d  t w i c e  by c e n t r i f u g a t i o n  w i t h  e t h e r  and t w i c e  w i t h  methylene c h l o r i d e .  
Solvents were removed and t h e  res idues mixed. The res idues were t r e a t e d  
wi th  S y l o l  HTP reagen t  (Supelco, I nc . ,  Be l l e fon te ,  Pa.) under t h e  cond i t i ons  
recommended f o r  c o n v e r t i n g  phenols t o  t r i m e t h y l s i  l y l  e the rs  and c a r b o x y l i c  
a c i d s  t o  t h e  corresponding es te rs .  

Experiment showed OV 101 column pack ing (3% on 80/100 mesh Supelcopor t )  
t o  be the  most e f f e c t i v e  f o r  gas chromatography o f  t h e  s i x  packings tes ted .  
GC analyses, w i t h  and w i t h o u t  c o - i n j e c t i o n  o f  standards, were performed w i t h  
a Hewlett-Packard No. 5750 inst rument ,  equipped w i t h  f lame i o n i z a t i o n  detec-  
t o r s .  GC/MS analyses i n  t h e  l a t e r  phase were made b y  M r .  David M. Hindenlang, 
u s i n g  a Finnegan model 3000 ins t rumen t  under the  charge o f  D r .  L a r r y  Hendry 
o f  t h e  Chemistry Department o f  t h i s  U n i v e r s i t y .  
used. The GC/MS i ns t rumen t  was prov ided w i t h  a data system, and t h i s  was used 
t o  s u b t r a c t  t h e  mass spectrum a t  t he  f o o t  o f  each peak j u s t  b e f o r e  i t  began 
t o  e l u t e ,  o r  j u s t  a f t e r  i t  had done so, f rom the  spectrum recorded as the  max- 
imum of t h e  peak was e l u t e d .  
d i s c  space c o u l d  n o t  be monopolized f o r  cont inued s torage o f  our  da ta  w h i l e  
o t h e r  procedures were t e s t e d  and i n t e r p r e t a t i o n s  worked o u t .  Consequently, 
t h e  raw MS data, massaged as descr ibed above, were repo r ted  f o r  standards and 
unknowns as p r i n t o u t s  t a b u l a t i n g  m/e va lues and r e l a t i v e  i n t e n s i t i e s ,  and com- 

. par isons were made by v i s u a l  i n s p e c t i o n  of t he  p r i n t e d  data. 

OV 101 columns were again 

Such a procedure i s  c e r t a i n l y  a r b i t r a r y ,  b u t  

Resul ts  

On t h e  d r y  b a s i s  the  we igh t  o f  crude o x i d i z e d  coa l  was u s u a l l y  85-105% 
of t h e  we igh t  of raw coa l .  The y i e l d s  o f  d a f  humic ac ids  were i n  t h e  range 
65-90% of drmnf c o a l .  W i t h i n  t h e  range o f  rank s t u d i e d  (78-87% C drmnf), t h e  
y i e l d  tended t o  i nc rease  w i t h  i nc reas ing  rank.  Petrographic  s t u d i e s  o f  t h e  
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oxidized products of three coals  (by Dr. Alan Davis and Mr. Harrey Zeiss ,  t o  
whom we are  indebted) showed t h a t  the v i t r i n i t e s  were grea t ly  a l te red  compared 
w i t h  their appearance i n  t h e  raw c o a l s ,  while s p o r i n i t e  and t h e  inert macerals 
had changed l i t t l e  o r  not a t  a l l .  These apparently unaltered macerals could 
s t i l l  be recognized i n  the NaOH-insoluble mater ia l s .  
were derived very largely from the v i t r i n i t i c  macerals. The y i e l d s  of e t h e r  
soluble  products from the reduct ive degradation were i n  the range 10-40% of 
the weight of humic acids taken; y i e l d s  when the react ion i s  applied t o  s o i l  
humic acids were about 201.1 
coals  tended t o  be somewhat higher than those from Carboniferous coals  of the 
eas te rn  U.S. 

Thus  the  humic ac ids  

Yields from humic acids  from the younger Western 

Chromatograms obtained in the e a r l i e r  phase of the work are  shown i n  
Figures 1 and 2, where the names of compounds ident i f ied,most ly  by co-injec- 
t i o n ,  a r e  entered against  the  corresponding peaks ( t r i v i a l  names a r e  used 
i n  the  f igures  because they a r e  usual ly  shor te r ;  a l i s t  of equivalent sys- 
tematic names i s  given i n  the Appendix. Comparison of the s t r u c t u r e s  w i t h  
I and I1 above will show which may be biological ly  re la ted) .  I t  wi l l  be 
seen t h a t  resolut ion i s  moderately good but tha t  even so a number of major 
peaks are unident i f ied.  

These curves a r e  typical  of what was found f o r  products from the s i x  
coals  studied. All 3 dihydroxy-benzenes were comonly found and 2 of the 
trihydroxy-benzenes. 2,6-Xylenol was frequent ly  found in both the e a r l i e r  
and  l a t e r  work, and was the only one of the s i x  xylenols t o  be ident i f ied .  
Several of the compounds frequent ly  encountered ( v a n i l l i n  and v a n i l l i c  a c i d ,  
syr ingic  aldehyde and acid,  p.  hydroxy-benzoicacid) are well known as de- 
gradation products of l ign in .  A peak i s  seen i n  Figure l l abe l led  2,5-dihy- 
droxy-benzoic acid (2,5-DHBA), and another label led 2,4-, 3 ,4- ,  3,5-dihydro- 
xy-benzoic acid.  Experiments w i t h  known compounds showed t h a t  the l a t t e r  
three isomers could n o t  be resolved under the conditions used. Later work, 
using GC/MS,showed t h a t  of the  three only the 3,4-isomer was i n  f a c t  present ,  
and t h i s  i s  l ign in- re la ted .  However, the 2,5-isomer i s  not ,  though i t  could 
be derived from the A ring of f lavonoids ,  2,3,4-Trihydroxy-benzoic acid has 
no obvious biological  assoc ia t ions ,  t h o u g h  the  3,4,5-isomer ( g a l l i c  ac id)  
occurs widely i n  the  plant kingdom (both isomers were i d e n t i f i e d ) .  

severe  conditions of oxidat ion) ,  some very poorly resolved chromatograms were 
obtained; the products evident ly  of ten represent  very complex mixtures of 
substances. Surpris ingly,  the products from nearly a l l  of the younger west- 
ern coals  were resolved poorly or  very poorly, while the resolut ion of those 
from the In te r ior  and Eastern provinces ranged from mediocre t o  good. Rep- 
resenta t ive  examples of each type a r e  shown i n  Figures 3 and 4.  The resolu-  
t ion i n  Figure 3 i s  so bad t h a t  one might question whether any ident i f ica t ions  
are possible. In Table 1 ,  we have assembled d e t a i l s  of the mass spectra  of  
four  substances alleged t o  be ident i f ied  from the GC/MS run shown i n  Figure 3 ,  
w i t h  d e t a i l s  of the spectra  of the s tandards.  
good, and the ident i f ica t ions  a re ,  taken w i t h  matching of re ten t ion  times, 
reasonably secure. When resolut ion i s  b e t t e r ,  as i n  Figure 4,  one can sure ly  
be confident i n  the ident i f ica t ions ;  examples of the correspondence of mass 
spectral  data a re  shown i n  Table 2. 

When, l a t e r ,  a wider range of samples was studied (with somewhat more 

The agreement is surpr i s ing ly  
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I t  should be added t h a t  even when the GC/MS system i s  used, many promi- 
nent peaks remain unident i f ied.  
m/e=73 i n  the corresponding mass spec t ra ,  so t h a t  they evident ly  contained 
the t r imethyls i lyl  group and were therefore  phenols or  acids  o r  both. 

In considering the or ig in  of the substances shown as ident i f ied  i n  
Figures 1-4, one must assume w i t h  bituminous coals  t h a t  carboxylic acid groups 
r e s u l t  e n t i r e l y  from the performic acid oxidation. There is  every reason t o  
suppose t h a t  some of  the hydroxyl groups were present  as  such i n  the raw coa ls ,  
but one must necessar i ly  enquire t o  what extent  i s  new OH introduced by the 
oxidation (performic acid i s  a known reagent f o r  converting alkenes t o  epox- 
ides  and cleaving them; t h i s  process occurs by a concerted e l e c t r o p h i l i c  
mechanism. 
f e r e n t  and m i g h t ,  f o r  example, follow a f r e e  radical  mechanism). 

The substances named in  Figures 1-4 can be a r b i t r a r i l y  c l a s s i f i e d  as 
follows: ( 1 )  "non-committal" substances - those l i k e  phenol, p. cresol and 
benzoic ac id ,  whose s t r u c t u r e s  a r e  r e l a t i v e l y  simple and contain no obvious 
clues  t o  or ig in ,  (2)  those whose s t ruc tures  could obviously be related to  
biological precursors ,  such a s  v a n i l l i c ,  syr ingic ,  f e r u l i c  and other  subs t i -  
tuted cinnamic a c i d s ,  (3)  those whose s t r u c t u r e s  a re  r e l a t i v e l y  complex b u t  
do not display any obvious associat ion with biological precursors, such as  
the dimethyldihydroxybenzene shown in Figure 1 (isomers not i d e n t i f i e d ) .  Of 
these c lasses ,  (1)  requires  no fur ther  comment here, while ( 3 )  presumably 
may include - o r  cons is t  l a rge ly  of - compounds whose OH groups are  an arte- 
f a c t  of the oxidat ion process. 
a r e  the compounds of c l a s s  ( 2 )  chemical f o s s i l s  o r  a r t e f a c t s ?  

Many of t h e  substances ident i f ied  have methoxyl groups i n  the 3-position 
o r  the 3,5-posi t ions,  as i n  l ign ins .  These groups could hardly have been 
introduced by the performic acid oxidat ion,  and therefore  indicate  a chemical 
f o s s i l  s t a t u s  f o r  the substances. O n  the other  hand, Blom e t  a l . 4  s t a t e  t h a t  
methoxyl groups a r e  eliminated by metamorphism i n  the subbituminous range. 
must admit t h a t  the s t ruc tures  we ident i fy  as methyl phenyl e thers  represent  
a small weight f r a c t i o n  of t h e  whole coa ls :  but can a l s o  point  out t h a t  Blom 
e t  a l .  present no evidence t h a t  the Zeisel procedure, which they used i n  t h e i r  
analyses, was completely e f f e c t i v e  (the reagent HI may not have penetrated 
the pore s t r u c t u r e  f u l l y ) ,  o r  even t h a t  i t  produced w i t h  coals  the r e s u l t s  
found with simple compounds. Whatever the mechanism of the  performic acid 
oxidation w i t h  c o a l s ,  one would expect t h a t  i f  i t  introduces new OH groups, 
more than one isomer would usual ly  be produced. Therefore, where a peak i n  
the chromatograms was i d e n t i f i e d  as due  t o  a l ign in- re la ted  substance l ike  
vani l l in  o r  c a f f e i c  acid,  the mass spectra  corresponding t o  neighboring chro- 
matographic peaks were carefu l ly  examined t o  determine whether they could 
represent  spectra  of posi t ion isomers. Such isomers were r a r e l y  detected.  
On the other  hand, some of the re la t ive ly  complex substances not obviously 
related t o  biological  precursors evident ly  did have i s m e r s  present. 

We conclude t h a t  some of the OH groups i n  the  products may well have 
been introduced by the performic acid oxidat ion,  but t h a t  most of the substances 
of s t ruc ture  r e l a t e d  t o  l ign ins  were probably not a r t e f a c t s .  

composition of whole coals ,  must be l e f t  f o r  discussion in a l a t e r  paper when 
a more complete set of data  can be presented. 

However, many of these showed fragments of 

However, the mechanism of a t t a c k  on coals could be q u i t e  d i f -  

This leaves open the quest ion,  t o  what extent  

We 

The quest ion,  t o  w h a t  extent  do the f indings reported here r e l a t e  t o  the 

In concluding t h i s  paper, we 
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should draw a t t e n t i o n  t o  sane i m p l i c a t i o n s  o f  t h e  f i n d i n g s ,  i f  t h e  p r o v i s i o n a l  
assumption can be made t h a t  t h e  f i n d i n g s  do indeed have re levance t o  t h e  s t r u c -  
t u r e  of v i t r i n i t e  macerals i n  coals: 

1. o-Di hydroxybenzenes, and s t i  11 more t r i  hydroxybenzenes, a r e  n o t o r i o u s l y  
e a s i l y  ox id ized.  This ,  if such s t r u c t u r e s  a r e  indeed present  i n  v i t r i n i t e s ,  we 
cou ld  e x p l a i n  why i t  i s  so d i f f i c u l t  t o  n i t r a t e  o r  s u l f o n a t e  coa ls ,  even w i t h  
m i l d  reagents, w i t h o u t  accompanying ox idat ion3,  and a l s o  why c o a l s  so r e a d i l y  
o x i d i z e  i n  weather ing.  P a r t i a l l y  methy lated polyphenols  a r e  l e s s  r e a c t i v e ,  b u t  
s t i l l  q u i t e  r e a d i l y  s u s c e p t i b l e  t o  o x i d a t i o n .  

and o t h e r  elements. 
i v a t i v e s ,  bu t  t h e r e  seems no reason why they should n o t  be capable o f  c h e l a t i o n .  

During c a t a l y t i c  hydrogenation o f  coa ls  o f  any rank t o  l i q u i d  f u e l s ,  
under cond i t i ons  t h a t  g i v e  h igh  conversion, a s u b s t a n t i a l  f r a c t i o n  o f  t h e  oxygen 
i s  removed. However, i n  i n t e r a c t i o n s  o f  coal  w i t h  hydrogen donor s o l v e n t  a lone,  
o r  i n  a p p l i c a t i o n s  o f  t h e  SRC process, oxygen removal i s  l e s s  complete and the 
products  may r e t a i n  o.dihydroxybenzene s t r u c t u r e s ,  a p o i n t  perhaps wor thy o f  n o t e  
by those concerned w i t h  t h e  composi t ion o f  coal  l i q u i d s .  

o f  coals  i n  t h e  i o n i z a t i o n  chamber o f  a t i m e - o f - f l i g h t  mass spectrometer, homo- 
logous s e r i e s  o f  what appeared t o  be dihydroxybenzenes were noted5. The technique 
cou ld  n o t  d i s t i n g u i s h  p o s i t i o n a l  isomers, b u t  t h e  f i n d i n g  i s  suggestive.when taken 
w i t h  t h e  data i n  t h i s  paper. 

2 .  Ortho - dihydroxybenzene d e r i v a t i v e s  a re  capable o f  c h e l a t i n g  boron 
Less i n f o r m a t i o n  i s  a v a i l a b l e  about o.hydroxy-methoxy der- 

3. 

I t  i s  wor th n o t i n g  here t h a t  i n  a s tudy o f  t h e  products  o f  l a s e r  p y r o l y s i s  
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Figure 3. TOTAL ION CURRENT CHROMATOGRAM OF DEGRADATION PRODUCTS 
(AS TMS DERIVATIVES) FROM RED SEAM (HVC), KAYENTA, ARIZONA 
(PSOC 312) 
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TIME 

Figure 4. TOTAL ION CURRENT CHROMATOGRAM OF DEGRADATION PRODUCTS 
(AS TMS DERIVATIVES) FROM OHIO NO. 1 SEAM (HVC), JACKSON, 
OHIO (PSOC 202) 
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Table 1 
Data f o r  MS Iden t i f i ca t ion  of Substances i n  Degradation Products 

o f  Coal from Black Mesa, Arizona (HVC)(PSOC 312) 

Cinnamic Acid 
m/e Standard Unknown - 

P/P+1 3.98 4.13 
205 100 100 

57 82 86 
45 48 39 

145 27 23 
55 25 20 
89 20 16 
67 18 14 

Vanil l i n  
m/e Standard Unknown - 

p. Hydroxybenzoic acid 
m/e Standard Unknown - 

P/P+1 3.28 2.73 
73 100 100 

193 45 63 
267 44 59 
223 42 56 
45 21 41 
75 15 23 

126 13  17 

p. Hydroxycinnamic acid 
m/e Standard Unknown - 

P/P+1 6.95 5.15 P/P+l 6.00 5.27 
194 100 . 88 13  100 83 
23 83 100 219 76 100 

193 53 45 235 61 79 
209 37 60 
151 29 38 
45 27 33 

165 9 17 

2 93 32 41 
191 21 39 
45 16 25 
75 15 19 

Table 2 

of Coal from O h i o  No. 1 Seam (HVC)(PSOC 202) 
Data f o r  MS Iden t i f i ca t ion  of Substances i n  Degradation Products 

p. Hydroxybenzoic acid 
m/e Standard Unknown - 

P/P+l 3.28 3.18 
73 100 100 

193 45 52 
267 44 48 
223 42 41 
45 21 34 
75 15 19 

126 13 14 

Syringic  acid 
m/e Standard Unknown 

P/P+1 3.72 3.15 
73 100 
45 18 29 

141 15 23 
327 12 19 
312 10 13 

89 10 15 
297 9 10 

Fe ru l i c  ac id  

P/P+1 2.71 2.93 
73 100 100 

m/e Standard Unknown - 

75 48 49 
117 38 35 
225 24 32 
181 22 30 
129 22 25 
297 20 31 
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Appendix. Trivial and Systematic Names of Relevant Phenolic Substances 

resorci no1 

pyrocatechol 

phloroglucinol 

pyrogal lo1 

orcinol 

2-methyl resorcinol 

guaiacol 

vanill in 

vanillic acid 

syringic acid 

cinnamic acid 

ferulic acid 

caffeic acid 

1,3-dihydroxybenzene 

1,2-dihydroxybenzene 

1,3,5-trihydroxybenzene 

1,2,3-trihydroxybenzene 

3,5-dihydroxytoluene 

2,6-dihydroxytoluene 

2-methoxyphenol 

3-methoxy-4-hydroxybenzaldehyde 

3-methoxy-4-hydroxybenzoic acid 

3,5-dimethoxy-4-hydroxybenzoic acid 

phenyl-3-propenoic acid 

3-methoxy-4-hydroxyphenyl-3-propenoic acid 

3,4-dihydroxyphenyl-3-propenoic acid 
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SEARCH FOR A NEW COAL TECHNOLOGY. Frank C. Schora, I n s t i t u t e  o f  Gas Technology, 
3424 South State Street,  Chicago, I l l i n o i s  60616. 

Since the beginning o f  a coal indus t ry ,  technology - o t h e r  than f o r  combustion -has  
evolved through t h e  steps o f  devo la t i l i za t i on ,  gas production by the  reac t ion  o f  ho t  
cokes w i th  steam, and l a t e l y ,  coal hydrogenation f o r  the production o f  both l i q u i d s  
and gaseous fue l s .  Much o f  the research today i n  the United States i s  dedicated t o  
improving these present concepts and t o  the development o f  supporting steps necessary 
f o r  cowerc ia l i za t i on .  I n  the  midst  o f  these a c t i v i t i e s ,  one should not overlook the 
need f o r  in tens ive  research t o  uncover be t te r  techniques f o r  conversion o f  coal - 
techniques which w i l l  take advantage o f  the s t ruc tu re  and chemistry o f  coal so as 
t o  y i e l d  useable products w i thout  undergoing the  severe condi t ions which have been 
the basis o f  our technology i n  the  past. New coal technology should seek t o  al low 
production o f  l i q u i d  and gaseous hydrocarbons by con t ro l l ed  react ions which avoid the 
rap id  and uncontrol led polymerizat ion o f  intermediate products t o  coke. 
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FREQUENCY OF CROSS-LINKS AND MOLECULAR WEIGHT DISTRIBUTIONS IN COALS. 
and John W. Larsen, University of Tennessee, Chemistry Department, Knoxville, Tennes- 

Jeffrey Kovac 

see 37916 

Coals may be mixtures of cross-linked macromolecules. Information on the average 
molecular weight of the chain segment between cross-links can be obtained from equilib- 
rium solvent swelling measurements using the Flory-Rehner equation as well as from the 
plastic deformation properties of coals using the Gaussian model for the elastic modulus 
of polymer networks. Attempts to develop a simple non-Gaussian theory of a polymer nrt- 
work which should be a more reasonable model for coal will be described. The average 
molecular weight per cross-link calculated using the above techniques will be compared 
with data obtained from solubilized and depolymerized coals. 
various coal structure models will be discussed. 

The implications for 
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GASIFICATION AT VERY H I G H  HEATING RATES. C .  W. von Rosenberg, J r . ,  D. B. Northam 
and R. E. Gannon, AVCO Everett Research Laboratory, Inc., 2385 Revere Beach Parkway, 

Everett, Massachusetts 02149 

Large yields of volat i le  matter and high t h r o u g h p u t  for gasifiers are two notable 
benefits of subjectin well-dispersed aerosols of pulverized coal t o  large 

the basis of several investigations a t  AERL which seek t o  explore this  frontier, under- 
s t a n d  the basic processes involved and apply th i s  approach to gasifier development. 
Recent experimental data from o u r  "controlled explosive gasification" program are given 
and related to  prior work on rapid heating entrained bed reactors and t o  our concurrent 
"shock heating studies. 
we dispersively premix -200 mesh HVA bituminous coal in suitable mixtures of H CO 0 . 
Ignition leads to  explosive combustion of the gas mixture which provides a bacifirohi 
of ho t  H20, C02 and attendant radicals which then heat the coal, s tabi l ize  the evolved 
volat i les ,  and react with the nascent char. 
solids mass loading have been achieved. Proposed gasification processes based on this 
approach will be discussed. 

rates o f  heating (>lo s "K/sec) to  high temperatures (>1500°K). This central theme forms 

In a single pulse/batch process reactor o f  12 l i t r e  volume 

Large yields of stabilized volatiles a t  high 
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RISER CRACKING OF COAL TO OIL AND GAS. Dennis A. Duncan, Justin Beeson, Donald 
Oberle, I n s t i t u t e  of Gas Technology, 3424 South S ta t e  S t r ee t ,  Chicago, I l l i n o i s  60616. 

A four-year program i s  under way a t  IGT under ERDA/FE sponsorship t o  develop a practical  
hydrocarbonization o r  hydropy,rolysis processing scheme based on a n  entrained-flow reactor 
similar t o  the Riser reactors used i n  re f inery  c a t a l y t i c  cracking. The  reaction products 
a re  gasoline,  gas, fuel o i l  and char. 

Hydrogen and coal are reacted in entrained flow a t  pressures i n  the 1000 t o  2000 p s i  
range and a t  temperatures u p  t o  1500°F. 
hydrogen preheat temperature, coal pa r t i c l e  s i z e ,  reaction temperature h is tory ,  residence 
time and the use of o ther  c a r r i e r  gases, wi l l  be explored t o  es tab l i sh  t h e i r  e f f e c t  on 
product y ie lds  and overall  economics. 

A bench-scale uni t  i s  being operated now t o  obtain engineering design parameters. 
100 pound per hour process development u n i t  (PDU) will  be designed, fabr ica ted ,  and 
operated l a t e r  i n  the  program. 

Such parameters as hydrogen concentration, 

A 
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